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ABSTRACT

Cao, Yizheng, Ph.D., Purdue University, December 2014. Nano-modification for
High Performance Cement Composites with Cellulose Nanocrystals and Carbon
Nanotubes. Major Professors: Jeffrey Youngblood and Pablo Zavattieri.

One of the new engineering frontiers is the exploration of infrastructure materials
with novel combinations of properties that break traditional paradigms. The goal
of this study is to utilize two different nano-fibers, cellulose nanocrystals (CNCs)
and carbon nanotubes (CNTs) to modify the nanoscale structures of cement
composites and thereby improve the performance at the macro-level. This study
also evaluates the mechanism behind the modification, since fiber bridging, the
most common reinforcing mechanism for fiber-reinforced composites, cannot be
simply applied because CNCs are too short to bridge cracks in cement
composites.

The mechanical tests show an increase in the flexural strength of cement paste
with modest CNC concentrations. It is found that the degree of hydration (DOH)
of the cement paste is increased when CNCs are used, which is the fundamental
reason for the strength improvement. Two mechanisms are confirmed for the
increased DOH: steric stabilization and a new theory referred as short circuit

xviii
diffusion (SCD), which is more dominant. SCD increases DOH by increasing the
transport of water from the pores to the unhydrated cement core through the high
density CSH shell. This study evaluates the agglomeration of CNCs at high
concentration and it is found the strength of the cement paste with CNCs
decreases when the agglomerates start prevailing. The sonication is employed to
effectively reduce the agglomerates and the strength of the cement paste is
improved significantly with sonicated CNCs. Due to the hygroscopic and
hydrophilic nature of CNCs, the agglomerates may lead to larger and more pores
around them. It is found that the elastic modulus at the high density CSH is
increased when raw CNCs are added, and is increased even more with
sonicated CNCs. The porosity study shows CNCs can reduce the total porosity of
cement pastes, while after sonication the porosity reduction is even greater.

The CNTs are successfully dispersed with a combined approach of sonication
and surfactant and the degree of dispersion is evaluated with SEM imaging and
impedance spectroscopy (IS). The flexural and compressive strength of the
cement paste increase significantly with the dispersed CNTs. It is verified that the
fiber bridging is the mechanism for the strength improvement. The IS curve for
cement paste with CNTs shows a dual-arc behavior, which is consistent with the
frequency-switchable coating model.

1

CHAPTER 1. INTRODUCTION, OBJECTIVES AND ORGANIZATION

1.1 Introduction
One of the new engineering frontiers is the design of renewable and sustainable
infrastructure materials with novel combinations of properties that radically break
traditional engineering paradigms. Nano-reinforced materials are one promising
family of materials that can exhibit improvement in properties such as elastic
modulus, tensile strength, flexural strength, fracture energy, and impact
resistance (Balaguru and Shah 1992). On one hand, nano-reinforced materials
offer remarkable opportunities to tailor mechanical, chemical, and electrical
properties. On the other hand, the intense research in the use of nanoreinforcements has been criticized due to perceived environmental, cost, health
and safety issues (Moon, Martini et al. 2011). Currently, there is a growing push
for “greener” products, which includes materials made from renewable and
sustainable resources. In addition, there is a goal of minimizing the carbon
footprint of infrastructure materials driving interest in biodegradable, nonpetroleum based and low environmental impact materials. By increasing the
performance of infrastructure materials, it may be possible to greatly reduce the
volume of these materials that are used thereby reducing the demand on raw
materials. The use of higher performance materials is one way to ‘do more with

2
less’. This thesis focuses on modifying the microstructures of cement paste by
nanoscaled fibers to improve their mechanical performance at the macro-level.

1.2 Objectives
The main objectives of the thesis are:
•

To disperse the two different nano-fibers, cellulose nanocrystals (CNCs)
and carbon nanotubes (CNTs) prior to mixing with cement and
characterize the degree of dispersion for both the suspension form and
when they are in the cement paste.

•

To evaluate the interaction between the CNCs and the cement particles in
the fresh cement paste and locate the CNCs in the hardened cement
paste.

•

To study the agglomeration of CNCs in different matrices such as
deionized water, cement pore solution and fresh cement pastes and
correlate the agglomeration with the rheological properties (fresh) and
mechanical performance (hardened) of the cement paste. To study the
dispersion of CNTs with electrical measurements.

•

To investigate the microstructural properties of the hardened cement
paste, and evaluate how the CNCs and CNTs modify the microstructure
and find out the processing method that is most favored for the strength
improvement.

•

To establish the mechanisms behind the strength improvements of
cement pastes with additions of CNCs and CNTs.
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1.3 Organization and Contents of the Thesis
Chapter 3 introduces the concept of degree of hydration (DOH) of cement
composites and studies how CNCs influence the DOH. The DOH is directly
related with the mechanical properties of cement composites, such as flexural
strength. In this chapter, two independent experimental methods, isothermal
calorimetry and thermogravimetric analysis are employed to determine the DOH
of cement pastes with increasing CNC concentration.

Chapter 4 discusses two mechanisms for the improvement in DOH by CNCs:
steric stabilization and short circuit diffusion, among which the former is also the
mechanism that some types of water reducing agent increases the workability of
cement composites and the latter is newly proposed that increases cement
hydration by increasing the transport of water from outside the hydration product
shell (i.e., through the high density CSH) on a cement grain to the unhydrated
cement cores. The two mechanisms are supported with a series of experiments
including isothermal calorimetry, zeta potential analysis, water vapor sorption,
rheological study, optical microscopy and SEM.

Chapter 5 introduces a novel ball-on-three-ball test to measure the flexural
strength of cement pastes with CNC additions. In total there are 7 different CNC
concentrations added in the cement pastes and they are measured at the 4
different ages. At last, the strength data are correlated with the DOH of cement
pastes.
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Chapter 6 investigates the CNCs agglomeration in both inert and charged
environments with a combined theoretical and experimental approach. A
geometrical percolation model is employed to compare with the rheological
results of CNC aqueous suspensions. The CNCs in charged environments are
studied with a mono-ion system Ca(NO3)2 and a simulated pore solution.
Sonication is performed to disperse the CNC agglomerates and the ball-on-threeball flexural strengths are measured for the cement pastes with dispersed CNCs.

Chapter 7 examines the influence of raw and sonicated CNCs on the
microstrucutural properties of cement pastes. The examination is performed for
both fresh cement pastes with a novel centrifugation method, and hardened
cement pastes, with nanoindentation, water vapor sorption, isothermal
calorimetry, SEM and EDX.

Chapter 8 studies the carbon nanotube reinforced cement composites. The
carbon nanotubes are dispersed with a combination of sonication and a
polycarboxylate-based water reducing agent. The dispersion effect is validated
with SEM and impedance microscopy. The mechanical properties of carbon
nanotube reinforced cement pastes are evaluated with the ball-on-three-ball
flexural test and compression test.

At last, Chapter 9 briefly concludes the previous chapters and summarizes how
the objectives of the study are accomplished.
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CHAPTER 2. BACKGROUND OF FIBER-REINFORCED CEMENT
COMPOSITES

2.1. Introduction
For decades a variety of additives have been used in the cement composites to
enhance their performances, such as steel fibers (Wei, Mandel et al. 1986),
carbon fibers, (Park, Lee et al. 1991) silica fume and metakaolin (Marikunte,
Aldea et al. 1997). Among all these additives, materials with high aspect ratio are
classified as fibers, which were found to be able to improve the flexural strength
and toughness of cement composites. This thesis focuses the length scale at the
micro- and nano-level and two different nano-fibers are chosen: cellulose
nanocrystal (CNC) and carbon nanotube (CNT).

2.1.1 Cellulose Nanocrystal
CNCs are rod-like nanoparticles (typically, 0.05-0.5 μm in length and 3-5 nm in
width) that can be extracted from plants and trees (Moon, Martini et al. 2011).
They are the crystalline parts in the cellulose chains as shown in Fig. 2-1. Figure
2-2 shows their chemical structures and a TEM image of CNCs extracted from
wood. CNCs are promising nanoscale reinforcing materials for cements in that
they have several unique characteristics, such as high aspect ratio, high elastic
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modulus and strength, low density, reactive surfaces that enable functionalization
and are readily water-dispersible without the use of surfactant or modification
(Moon, Martini et al. 2011). It is considered here that CNCs can offer new
possibilities for cement composites for improved mechanical performance, in
which the small size of CNCs allows for reduced interfiber spacing, more
interactions between cellulose and the cement system, and as a result the CNCs
have a greater potential to alter micro-cracking and can therefore increase the
strength of the system. Additionally, other benefits of CNCs include, but are not
limited to, their renewability, sustainability, low toxicity, low cost (estimated
production costs of <$10/lb) (Habibi and Dufresne 2008; Moon, Martini et al.
2011). Moreover, CNCs are extracted from sources (e.g., plants and trees) that
are themselves sustainable, biodegradable, carbon neutral, and the extraction
processes have low environmental, health and safety risks (Moon, Martini et al.
2011). In this work, CNCs are added into cementitous materials to modify the
microstructures and improve the mechanical performance.

Fig. 2-1. The CNCs are the crystalline regions in the cellulose chains. Image from
(Moon, Martini et al. 2011)
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(a)

(b)
Fig. 2-2. (a) The chemical structures of the CNCs (b) The TEM image of CNCs
extracted from wood. Images from (Moon, Martini et al. 2011)
2.1.2 Carbon Nanotube
CNTs are hollow tube-shaped molecules formed by hexagonal carbon arrays, as
shown in Fig. 2-3. They have been widely studied since their first discovery by
Iijima in 1991 (Iijima 1991). The major advantage of CNTs is their extraordinary
physical properties, such as the largest strength known-100 times of that of steel
while with the density of only one sixth of steel (Wong, Sheehan et al. 1997) and
a Young's modulus from 500-1000GPa (Krishman, Dujardin et al. 1998; Popov,
vanDoren et al. 2000). Table 2-1 provides a comparison of mechanical properties
of CNTs and steel.
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Fig. 2-3. Carbon nanotube on a surface of SiO2 substrate. Image from (Rotkin
and Subramoney 2005)
Table 2-1. Typical mechanical properties of CNT compared with steel. Data from
(Meyyappan 2005)
Young’s modulus (GPa) Tensile Strength (GPa) Density (g/cm3)
MWNT

1200

~150

2.6

SWNT

1054

75

1.3

Steel

208

0.4

7.8

Due to these extraordinary mechanical properties, researches on CNT-reinforced
composites have been performed in a variety of areas including nanocomposites,
nanotube-metal composites and ceramic matrix composites (Baughman,
Zakhidov et al. 2002; Meyyappan 2005). From the last decade, CNTs have been
added into cement to improve the mechanical performance, mainly the flexural
strength. Due to their high aspect ratio, CNTs are believed to able to bridge the
micro-cracks and will therefore require a larger amount of energy to propagate
the cracks (Konsta-Gdoutos, Metaxa et al. 2010). Li et al. (Li, Wang et al. 2005;
Li, Wang et al. 2007) showed an improvement of 25% in flexural strength and a
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19% increase in compressive strength with a 0.5 wt % loading of processed
multi-walled carbon nanotubes (MWCNTs). Metaxa et al. (Metaxa, HonstaGdoutos et al. 2009) found the presence of CNTs increased flexural strength of
cement paste by 25% and improve the elastic modulus by 50%. Konsta-Gdoutos
et al. (Konsta-Gdoutos, Metaxa et al. 2010) reported that the flexural strength of
cement pastes reinforced with MWCNTs showed an improvement of 30-40% with
respect to the plain system. However, in this relatively new area, not all results
are consistent. Cwirzen et al. (Cwirzen, Habermehl-Cwirzen et al. 2008;
Cwirzena, Habermehl-Cwirzena et al. 2009) reported their results of mechanical
properties of CNT-reinforced cement pastes with different loadings of
CNT/cement ratio, which show no reinforcement effect on flexural strength, and
only a small improvement in compressive strength.

2.2 Mechanism for the Improvement in Mechanical Properties
The majority of previous fiber-reinforced cement composites work, regardless of
the dimension of the fibers, attributes the improvement in the mechanical
performance to the mechanism of fiber bridging (ACI-Committee 1996). Most
claims are based on the fact that fibers can help delay the crack propagation or
even lead to crack arrest. Figure 2-4 shows an example of how the bridging
mechanism works in the steel fiber reinforced cement composites.
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Fig. 2-4. An example of fiber bridging mechanism for steel fiber reinforced
cement composites
As well understood that the traditional long fiber (length ≳ cm) are effective in

increasing the toughness or energy absorption of cement composites, because
they can bridge the cracks at the macro-level and help prevent them from further
growing. Figure 2-5 shows a schematic of how the long fibers work to increase
the toughness of the matrix when a crack forms. The short fibers (length ≲ mm)
do not have the length to bridge the cracks with a large width, and hence are not
intended to improve the toughness of the composites.

Fig. 2-5. The comparison between the short and long fibers in improving the
toughness of the cement composites
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The short fibers, however, can bridge the cracks at the micro-level, with widths
smaller than the fiber length, and effectively arrest the cracks from further
growing and coalescing with each other and finally form a crack at the macrolevel, when a failure happens and the ultimate strength is achieved. As a result,
the short fibers are intended to improve the strength of the material, while they
have insignificant effect on the toughness. The last category of fiber with respect
of the length, is the extremely short fiber, such as CNC, which is shorter than 0.5
μm. At this length scale, there are almost no cracks can be observed in the
cement composites, and therefore CNCs are almost impossible to bridge any
existing cracks in the matrix. For this reason, their ability to reinforce the material
for cracks needs to be carefully examined.

This work systematically studies the influences of CNCs and CNTs on the
mircrostructural properties of cement pastes and their implications on the
mechanical properties at the macroscopic level. To investigate the cement
pastes with nano-additives, three fundamental questions to be answered are: (1)
where are they located in the cement matrix? (2) How do they interact with the
cement particles in both the fresh state and the hardened state after setting? (3)
How does this interaction affect the mechanical performance at the macro-level?
To answer these questions, a series of experiments were designed and
performed to study how the nano-addtives affect the hydration process,
rheological and mechanical properties of the cement pastes, and what
mechanisms are responsible for the variation in the mechanical performance. An
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integrated approach that combines material preparation, experiments, and
microscopy to better understand the physical mechanisms that underpin CNCs
use in cementitious materials is presented in the following sections.
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CHAPTER 3. THE INFLUENCE OF CELLULOSE NANOCRYSTALS ON
DEGREE OF HYDRATION

3.1 Background on the Degree of Hydration
As introduced in the previous chapter, CNCs are too short to bridge any
observable cracks in the cement composites. The investigation in this work
chooses a different starting point: the degree of hydration (DOH), which is an
important parameter for the cement composites. The DOH is a measure of the
percentage of the cement which has already reacted with water. As shown in Fig.
3-1, the DOH of 0% indicates no reaction between cement and water (e.g., the
age of 0 when cement is mixed with water) and with increasing DOH there are
more and more reaction products, while the amount of the cement and water is
decreasing. However the DOH can never reach 100% as the dense hydration
products formed on the surface of cement particles block the contact between
water and the unhydrated cement cores, as shown in Fig. 3-1 (b). For this
reason, there is always certain amount of water which never reacts with cement
and the space left are the pores, which limit the mechanical performance of the
cement pastes. In other words, the strength of the cement composites can be
determined by “what is not there”. In this chapter, the influence of CNCs in the
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DOH is investigated and it is related with the mechanical performance of the
cement pastes in later chapters.

(a)

(b)

Fig. 3-1. (a) The volume proportions of the different compositions in the cement
pastes with DOH; (b) A conceptual schematic of how the cement reacts with
water
To experimentally quantify the DOH, there are two common methods, by
measuring the cumulative heat and the chemically bound water (CBW). Because
the cement hydration is an exothermic reaction, the cement paste continuously
releases heat with hydration. And by measuring the cumulative heat with
isothermal calorimetry (IC) since the initial cast, the DOH can be obtained. The
second method is to measure the CBW in the cement pastes. As the reaction
between cement and water is all about the water chemically bound with the
different compositions in cement. By measuring the amount of water which has
already been bound with cement, the DOH can also be determined. The
experimental and calculation procedures for these two methods are described in
later sections.
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3.2 Materials and Methods
A Type V cement was used in this investigation due to its compositional purity
(i.e., low aluminates and ferrite phases), the Bogue compositions and Blaine
fineness of which are shown in Table 3-1.

Table 3-1. Bogue compositions of Type V cement
C3S (%)
63.8
C2S (%)
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C3A (%)

0

C4AF (%)

-

C4AF+C2F (%)

12.6

Blaine fineness, m2/kg

316

The CNC materials used in this work were manufactured and provided by the
USDA Forest Service-Forest Products Laboratory, Madison, WI. The as-received
CNC materials were in a form of dispersed suspension (5.38 wt. % CNCs in
water). The CNCs were extracted via sulfuric acid hydrolysis of Eucalyptus drylap cellulose fibers, resulting in a 0.81 wt. % CNC surface-grafted sulfate content.

The cement pastes were mixed with a vacuum mixer Twister Evolution 18221000
from Renfert USA Inc. (Renfert 2009). This particular mixer is programmable for
consistency and provides a low vacuum environment during cement mixing
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which can help reduce the entrained air that may develop in mixtures. The
following procedure was used for the preparation of the cement pastes:
(1) The cement, CNC suspension and water were measured in the mixer bowl;
(2) The mixer was set to mix at a speed of 400 rpm for 90 seconds;
(3) A spatula was used scrape the wall and bottom of the bowl (this typically
lasted 15 seconds);
(4) Another 90 seconds of mixing was done at 400 rpm.

Table 3-2 shows a summary of the cement pastes that were studied with varying
CNC concentrations. The CNC concentrations were calculated based on their
volume fraction with respect to cement. To avoid confusion, both the quantities in
mass and volume are listed here. Cement pastes were prepared at a water to
cement ratio (w/c) of 0.35 with seven different CNC concentrations. For
consistency, the discussion will be based on the volume fraction in this work.

The CNC-cement paste composites evaluated in this work were prepared by
mixing CNC suspensions, water and cement powder to obtain mixtures with
different concentrations of CNC. After preparing the CNC-cement paste mixture,
three main aspects of the resulting material were investigated: (1) the curing
process, (2) the mechanical properties and (3) the microstructure. While
isothermal calorimetry (IC) and thermogravimetric analysis (TGA) were used to
determine the DOH of cement pastes; zeta potential, water adsorption and
rheological measurements were used to investigate the interaction and affinity of
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CNCs with cement particles. Additionally, a ball-on-three-ball (B3B) flexural
testing was performed to measure the flexural strength of the cement pastes at
four different ages, which will be introduced in Chapter 5.

Table 3-2. Mixture proportions for the cement pastes with CNCs
Mixture ID
1 (ref)
2
3
4
5
6

wt (g)

vol. (cm3)

7

cement

500

500

500

500

500

500

500

water

175

175

175

175

175

175

175

CNC

0.00

0.10

0.26

0.51

1.28

2.56

3.85

cement

160.3

160.3

160.3

160.3

160.3

160.3

160.3

water

175

175

175

175

175

175

175

CNC

0.00

0.06

0.16

0.32

0.80

1.60

2.40

CNC/cement
vol. %

0.00% 0.04% 0.10% 0.20% 0.50% 1.00% 1.50%

3.3 Experimental Procedures
3.3.1 Isothermal Calorimetry
To obtain the DOH of the cement pastes, the heat flow rate and cumulative heat
release were measured with a TAM Air isothermal calorimeter (TA-Instruments
2013). Immediately after mixing, 25 to 35 g of the paste sample was transferred
to a glass ampoule (22 mm in diameter and 55 mm in height), which was then
sealed and placed into the chamber (maintained at 23 ± 0.1 ˚C) for
measurement. Before the data collection started, the isothermal condition was

18
held for 45 min to reach equilibration and the subsequent steady heat
measurement was performed for approximately 200 hours.

3.3.2 Thermogravimetric Analysis
The thermogravimetic analysis (TGA) was performed using a TA Instruments
SDT 2960 Simultaneous DTA-TGA instrument (TA-Instruments 2008) as a
complimentary method to obtain the DOH of CNC-cement pastes at three
different ages: 7, 14 and 28 days. At the ages of testing, the paste samples were
demolded from the sealed plastic containers and ground into powders with
mortar and pestle while evaporation was minimized, approximately 65 mg of
powder was transferred into the TGA chamber for measurement. First the
temperature in chamber was increased from ambient temperature to 140 ˚C (the
critical temperature reported in reference (Pane and Hansen 2005)) by 20
˚C/min. For the second step the chamber was kept at 140 ˚C for 25 minutes to
remove the evaporable water in the sample. Subsequently, the sample was
heated, from 140 ˚C to 1100 ˚C at a rate of 20 ˚C/min, in an attempt to extract all
CBW. TGA was performed to obtain the DOH because at later ages the heat
release rate from IC is so small that the measuring error might be considerably
large. The TGA measurements were also performed on the individual materials
of CNC and cement for corrections.
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3.4 Results and Discussion
Since cement hydration is an exothermic reaction, the rate of heat flow (dQ) and
cumulative heat evolution Q(t) measured in the cement can be directly related to
the rate of hydration and DOH. The DOH was estimated by the ratio Q(t)/Q(max),
where Q(t) represents the cumulative heat released before a certain age and
Q(max) is the theoretical amount of cumulative heat when the cement is fully
hydrated, as shown in Equation 3-1. Q(max) can be obtained by multiplying the
theoretical value of each hydration component (C3S, C2S, C3A, and C4AF) with
the proportion of each component (Barnes and Bensted 2002).

𝑄𝑄(𝑡𝑡)

𝐷𝐷𝐷𝐷𝐷𝐷(𝐼𝐼𝐼𝐼) = 𝑄𝑄(𝑚𝑚𝑚𝑚𝑚𝑚)

3-1

With the measurements of isothermal calorimetry (IC) described above, Fig. 3-2
shows the results of the cumulative heat for the first 200 hours of the seven
mixtures with different CNC concentrations. It is observed that after the first 25
hours, the cumulative heat increases with the CNC concentration. This trend
continues until the end of the test (at an age of 200 hours) where the increase of
cumulative heat with CNC content prevails. It is found that the cumulative heat
for the mixture with 1.5 % of CNC at 200 hours is 280 J/g, which is about 16%
higher than that of the reference mixture (without CNC) at the same age. This
means that the DOH of the cement paste is increasing with the CNC additions. It
is noteworthy that during the first 25 hours the cumulative heat shows an
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opposite trend that, with more CNCs the mixture has less heat release at a
certain age. This retardation may be caused by the CNCs adhering on the
cement particles and reducing the reaction surface area between cement and
water. As a result, the hydration is slowed down in comparison with the surface in
the plain system (this is similar to what is observed with some water reducing
admixtures).

Fig. 3-2. Cumulative heat of CNC-reinforced cement pastes for the first 200
hours
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Fig. 3-3. The cumulative heat of the cement pastes at the age of 7 days with
increasing CNC concentrations
The DOH can also be estimated by measuring the total mass of the CBW in the
hardened cement pastes with TGA. The TGA tests were performed for (i) pure
cement and (ii) dry CNC films for correcting the weight loss from the CBW.
Figure 3-4 shows the weight loss after corrections between 140 and 1100 ˚C with
the mass at 140˚C as the base (100%). These results clearly show that the
weight loss of the CNC-cement paste is increased with increasing concentrations
of the CNC. For example, the reference sample has a final weight of 91.8% while
the 1.5 vol. % mixture is 88.4% and the weight loss difference between these two
samples is 3.4%, as shown in Fig. 3-5. This means that more water reacts with
cement when the CNCs are present at any given age. This evidence, together
with the IC results, supports the hypothesis that CNCs help to improve the DOH
of the cement pastes. There are two features shown by the Fig. 3-4: (1) The
decrease in mass observed between 440 ˚C and 520 ˚C correlates with the
decomposition of Ca(OH)2 (Pane and Hansen 2005); (2) The weight loss
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differences between the seven mixtures after about 500 ˚C are much higher than
before this temperature. This characteristic might be nontrivial and directly
related with the mechanism of the DOH improvement, which will be discussed in
the next chapter.

Fig. 3-4. 7-day TGA results from 140 to about 1100 ˚C with the mass at 140˚C as
a base (100%). The weight loss increases with CNC volume fraction

Fig. 3-5. The final weights of the 7 pastes at about 1100 ˚C
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DOH is calculated with the method introduced by Pane and Hansen (Pane and
Hansen 2005) that states that the weight loss between 140 and 1100 ˚C is
considered as the amount of CBW, which is divided by the final weight the
material to obtain the mass of CBW per unit gram of unhydrated cement. With
the assumption that the CBW is 0.23 g per unit gram of cement when fully
hydrated (Young and Hansen 1987; Pane and Hansen 2005), the DOH can be
easily obtained by dividing the mass of CBW per unit gram of unhydrated cement
with 0.23 g, as shown in Equation 3-2.

𝐷𝐷𝐷𝐷𝐷𝐷(𝑇𝑇𝑇𝑇𝑇𝑇) =

𝑚𝑚(𝑐𝑐𝑐𝑐𝑐𝑐)

𝑚𝑚(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�

0.23

3-2

Figure 3-6 summarizes all DOHs at the three different ages from TGA
measurements, from which it can be observed that the DOHs for cement pastes
with 1.5 vol. % of CNC are improved with respect to the reference case to 14%,
16%, 20% for 7, 14 and 28 days, respectively.
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Fig. 3-6. The DOHs obtained from TGA at three ages
3.5 Conclusions
This chapter discusses the concept of DOH for cement pastes and introduces
two experimental methods to measure the DOH. From the results for both two
methods, the DOHs of cement pastes are found to be increased significantly by
increasing CNCs additions. The improvement in DOH is up to 20%, which is a
significant increase for cement pastes. This is not normal as the w/c ratio is the
same for all the mixtures. The mechanism for the DOH improvement is discussed
in the next chapter.
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CHAPTER 4. THE CELLULOSE-NANOCRYSTAL-CEMENT INTERACTION
AND THE MECHANISM OF SHORT CIRCUIT DIFFUSION

4.1 Introduction
In the previous chapter, it was found that with CNCs additions the DOH of
cement paste is increased significantly. One possible explanation for the
improvement in DOH is that the CNCs are helping the cement particles react
more efficiently with water. This could be due to steric stabilization, which is the
same mechanism observed in some types of water reducing admixtures (WRA)
(e.g., polycarboxylated based) to disperse cement particles during cement mixing
resulting in finer and more uniform distributions of cement (Nawa 2006). In this
chapter, a series of experiments are designed to explore the mechanisms for the
DOH improvement, including rheological tests, zeta potential measurements,
isothermal calorimetry and microscopy.

4.1.1 Rheology
Rheology is the study of the flow of matter, not only for the liquid state, but also
for the soft solids under an applied force (Schowalter 1978; Larson 1999). The
rheology of cement pastes as well as concrete has been of great interest and
researchers have performed rheological tests to quantify yield stress and
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viscosity of fresh cement pastes and concrete for a long time (Dzuy and Boger
1983; Ferraris, Geiker et al. 2007). The rheology is quite important because first,
it shows the workability of the mixtures, which is directly related with the cost and
second, it helps to understand the interactions between different compositions in
the mixtures. In this work, the rheological study on the cement pastes serves for
the second purpose and the results provide the information regarding the
interaction between the CNCs and the cement particles.

4.1.2 Zeta Potential
The zeta potential ζ is the potential between the liquid layer adjacent to the solid
phase and the liquid layer constituting the bulk liquid phase (Nägele 1985) and is
a measure of the magnitude of the electrostatic repulsion or attraction between
particles (Greenwood and Kendall 1999; Kirby and Hasselbrink 2004). In this
work, the zeta potentials of the CNC and cement particles were measured to
investigate the affinity between them in the fresh cement paste from the point of
view of colloidal chemistry.

4.2 Experimental Procedures
To understand how CNCs interact with cement particles it is important to
determine where the CNCs are located in the cement matrix. In this investigation
a series of experiments were performed to achieve this goal.
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4.2.1 Rheology
The rheological behavior was measured with a Bohlin Gemini HR nano
rheometer from Malvern Instruments Ltd. (Malvern-Instruments-Ltd. 2011). The
testing geometry consisted of two 40-mm parallel plates with serrated surface,
which helped to avoid the slippage (Ferraris, Geiker et al. 2007), separated with
a gap of 1 mm. Figure 4-1 shows the nominal surface geometry of the plates and
the testing set-up with the fresh cement paste sample. All the tests were started
at an age of about 12±1 min. As the cement pastes are in the dormant period it
is expected that the material behavior does not change significantly during the
testing period due to hydration. A cover was placed around the fresh cement
during the test to mitigate the edge drying/water evaporation. The five mixtures
with low CNC concentration (0 to 0.5 vol. %) were measured with a shear stress
controlled ramp from 5 to 200 Pa in 6 minutes with a logarithmic increase. The
two systems with high CNC concentrations (1.0 and 1.5 vol. %), had a much
higher yield stress than the previous five, therefore the testing ramp was set from
20 to 1000 Pa, also in 6 minutes with a logarithmic increase. Figure 4-2 shows a
typical stress-rate relationship for cement paste and two sections with distinctly
different slopes can be observed before and after the yield.
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(a)

(b)
Fig. 4-1. (a) The pyramid-shaped surface serrations of the plates; (b) The
schematics of the testing set-up
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Fig. 4-2. Typical stress-rate relationship for fresh cement paste
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4.2.2 Zeta Potential
The measurements were taken with a Zetasizer Nano ZS equipment from
Malvern Instruments Ltd. (Malvern-Instruments-Ltd 2009). The CNC and cement
particles were, respectively, diluted in DI water or simulated pore solution
(introduced in later section) to a concentration of about 0.2 wt % for
measurements.

4.2.3 Water Sorption of CNC
Due to the high surface area of CNCs, the adsorption of water may result in a
lowered effective water to cement ratio (w/c) in cement mixing and hence a
change in the rheological properties of the fresh CNC-cement paste. To study
this possible effect, the water adsorption for the dry CNC materials was
measured with a Q5000 SA absorption/desorption equipment from TA
instruments (TA-Instruments 2010). The CNC film was obtained by allowing the
CNC suspension to dry in an oven at 50 ± 2 ˚C for 24 hours. After the film was
weighed, the film was kept in the oven at the same temperature for another 12
hours leading to a mass change of less than 0.5 %. Then the CNC film was
allowed to dry for 36 hours in the desorption analyzer at 0% RH. After an initial
equilibrium period, the initial relative humidity (RH) in the chamber was increased
to 97.5% in steps of 10% increments, with a final step of 7.5%.
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4.2.4 Optical Microscopy and SEM
To further investigate the interaction between CNCs and cement matrix and to
obtain direct evidence of the CNCs locations in the cement matrix, optical and
backscattered scanning electron (BSE-SEM) microscope images of hardened
cement pastes were obtained and investigated. The samples were demolded at
the age of 7 days and cut into 2cm×2cm×0.5cm specimens with a water cooled
diamond tipped saw blade, and subsequently soaked in acetone for 48 hours to
replace the pore water and cease hydration. After oven-drying at 55 °C for 24
hours, the samples were epoxy-saturated at low vacuum for 4 hours and the
epoxy solidification was done at 70 °C for 8 hours. As the BSE-SEM imaging
requires a flat surface, the epoxy-impregnated samples were cut with a lowspeed oil saw to expose a fresh surface and a polishing procedure was
conducted on the sample surfaces using 15, 9, 3, 1, 0.25 μm diamond paste for 4
min each on top of Texmet paper. The polished samples were first imaged with
an Olympus BX51 optical microscope, and then coated with gold/palladium for
subsequent BSE-SEM imaging using an FEI Quanta 3D FEG equipment.

4.3 Results and Discussion
4.3.1 Water Sorption
Following the method and the experimental details described above, the water
adsorption with relative humidity (RH) was measured for dry CNC film and the
results are shown in Fig. 4-3. The mass of water adsorbed is plotted with respect
to the CNC film mass. At the RH of 97.5%, which can be considered as the

31
environment in which CNCs are immersed in water, the water adsorption is 34%.
This amount is considered negligible in cement mixing. For example, for the
mixture with 1.5 % of CNC, the adsorbed water is only about 0.7 % of the total
mixing water in mass. As the water adsorption is only an insignificant amount, the
effect of the affinity between CNC and water can be disregarded when
discussing the rheological properties of fresh mixtures.

Fig. 4-3. Water adsorption of dry CNCs with increasing relative humidity
4.3.2 Rheological Properties
The yield stress of the mixtures is obtained with the rheological experiments
using the testing geometry and parameters described in Section 4.2.1, For this
tests, eleven different mixtures were measured, four more mixtures than those
described in Table 3-2. These extra mixtures (i.e., 0.02% 0.03%, 0.06% and
0.07%) were added to investigate the yield stress in the low CNC concentration
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region. Figure 4-4 summarizes the yield stress of fresh cement pastes with
different CNC/cement volume fractions, among which the reference sample (0%
CNC) has a yield stress of 48.5 Pa. The trend observed here is that the yield
stress decreases with increasing CNC content from the plain mixture and
reaches a minimum 15.9 Pa at a concentration of 0.04% and then increases with
further increasing the CNC additions. At approximately 0.3% CNC, the yield
stress reaches the initial yield stress for the reference case, While for CNC
concentrations higher than 0.3%, the stress increases dramatically reaching
values of up to 600 Pa for a concentration of 1.5%. There are two dominant
mechanisms that could be responsible for the trend of the decrease and increase
in the yield stress. On one hand, the decrease of yield stress at low concentration
of CNC may be due to the steric stabilization, a mechanism that has also been
observed with water reducing admixtures (Nawa 2006). Figure 4-5 shows a
conceptual schematic of how the steric stabilization disperses the cement
particles for an agglomerate. On the other hand, the increase in yield strength at
high CNC concentrations is likely due to the agglomeration of CNCs in the fresh
cement paste pore solution. The yield stress increases as the CNCs form a
network and require larger forces to break or align them. As a result, the changes
in yield stress of cement pastes with CNCs could be explained by a combined
effect of steric stabilization and agglomeration. When the concentration is low
(e.g., below 0.3%), steric stabilization dominates, while the agglomeration
determines the yield stress after the concentration is much higher (e.g., higher
than 0.3%).
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Fig. 4-4. Yield stress of CNC-reinforced cement pastes with different
concentrations

(a)

(b)

Fig. 4-5 (a) Cement particles agglomerate when there are no CNCs; (b) steric
stabilization happens when CNCs are added
4.3.3 Isothermal Calorimetry
Cement hydration is a sum of chemical reactions between cement and water. If a
third type of nonreactive materials adhere onto the cement particles, reducing
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their reactive surface, the hydration process may be affected. A direct way to
monitor the extent of reaction is to measure the heat flow rate with IC (which can
be obtained as the derivative of the cumulative heat versus age shown in Fig. 32). Figure 4-6 shows the heat flow curves for the seven CNC-cement pastes
during the first 40 hours, from which it can be observed that the heat flow is
delayed with increasing CNC concentrations. For instance, the heat flow peak is
reached at the age of about 12 hours for the reference mixture (0%) while the
peak is reached at around 17 hours for the mixture with 1.5% CNC.

The

retardation of the peak heat flow could be an indication of CNCs adhering to the
cement particles and, therefore, blocking the cement particles from reacting with
water at early age. A similar observation is made with some WRAs where the
DOH is improved at later ages, while the hydration is delayed at early ages
(Mindess, Young et al. 2002).

Fig. 4-6. Heat flow curves of the CNC-reinforced cement pastes for the first 40
hours
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4.3.4 Optical and SEM Images
To further investigate the locations of CNCs in the cement matrix and to obtain
visual evidence, imaging was taken for hardened cement pastes with and without
CNCs. The hardened cement pastes were epoxy-impregnated and polished
following the procedure described in the previous section. Both the BSE-SEM
and optical images were taken for the reference and the 1.5% mixture to capture
the features related with CNCs. Figure 4-7 is a comparison between the BSESEM images of the reference and the 1.5% CNC cement pastes at the age of 7
days.
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(a)

(b)
Fig. 4-7. BSE-SEM images of (a) reference and (b) 1.5% mixture at the age of 7
days. The 1.5% CNC mixture shows ring features surrounding the unhydrated
cement cores
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(a)

(b)
Fig. 4-8. Optical images of (a) reference and (b) 1.5% mixture at the age of 7
days. The 1.5% CNC mixture shows ring features surrounding unhydrated
cement cores
Comparing the images of the reference and the 1.5% mixtures, one interesting
feature shown by the CNC cement pastes is that a ring or shell formed around
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many unhydrated cement particles, which are highlighted and zoomed in Fig. 4-7
and 4-8. As discussed in previous sections, the CNCs tend to adhere onto the
cement particles, which ultimately lead to the steric stabilization effect. As a
result, the concentration of CNCs around the cement particles is expected to be
higher than that in the hydration product, which can explain the presence rings in
the 1.5% mixture.

4.3.5 Zeta Potential
In colloidal chemistry, the zeta potential of different particles indicates the degree
of repulsion or attraction in a dispersion (Greenwood and Kendall 1999). As the
zeta potential is susceptible to variations of pH values (Nägele 1986), the
investigation was carried out in a controlled pH environment. Two different values
of pH are considered in this investigation: a neutral environment with a pH of 7,
and the fresh cement with a pH of 12.71. As such, a simulated pore solution was
prepared with the same composition given by Rajabipour et al. (Rajabipour, Sant
et al. 2008) at the age of 1 hour, diluted with deionized water to achieve a pH of
12.71 for the zeta potential measurements. The zeta potentials for the CNC and
cement particles at the two different pH environments – neutral and as-measured
fresh cement pH (12.71) are listed in Table 4-1.
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Table 4-1. The zeta potentials of CNC and cement particles
Environment (pH)
Cement
CNC
DI water (7)
Pore solution (12.71)

-10.4 mV -64.0 mV
-9.1 mV

-51.0 mV

As these results show, the pH does not significantly change the zeta potential
and the absolute value of the zeta potential for cement is much lower than that of
CNC, which means that compared with CNC, cement particles have a much
stronger tendency to agglomerate. The affinities between the particles have
following order:
f(cement-cement) > f(cement-CNC) > f(CNC-CNC)
In other words, CNCs tend to adhere onto cement particles rather than to
agglomerate themselves, which is consistent with the mechanism of steric
stabilization that an affinity between CNC and cement particles is required.
However, this mechanism also indicates that the CNCs should be relatively
dispersed and able to separate the cement particles from each other. While the
zeta potential results show that the affinity between cement particles is stronger
than that between cement and CNC, the steric stabilization might not be the
dominating mechanism in this system. A polycarboxylate-based WRA (ADVA
140) was chosen for its dispersion mechanism of steric stabilization to make a
parallel comparison with the CNC-cement pastes. The first parameter compared
is the DOH – the cement pastes with the same amount (volume fraction) of CNC
and WRA were tested with IC, and the results are plotted in Fig. 4-9.
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Fig. 4-9. 7-day DOHs from IC of the cement pastes with the same volume
fraction of CNC and WRA. CNC mixtures exhibit higher DOHs than the WRA
mixtures in all range
The results show that the improvement of DOH achieved by the presence of
WRA is lower than that caused by CNC. For instance, 1 vol. % content of WRA
exhibits an increase in DOH of only 4% with respect to the reference case, while
the increase in DOH for 1 vol.% of CNC is about 8%. It should also be mentioned
that the DOH decreases when the WRA is increased from 1% to 1.5%. This is
likely due to the excess WRA causing a significant segregation of cement in
water. Considering that the main function of WRA is steric stabilization, this
indicates that steric stabilization is likely not the only mechanism responsible for
the improvement of DOH.

It is well known that, during curing, the hydration product forms a shell around the
unhydrated cement particle (i.e., the high density CSH), slowing down the
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diffusion of water to its interior. This phenomenon limits the hydration rate and,
as a result, the cores of the cement particles hydrate slowly. When CNCs are
present in the cement paste, one likely scenario is that when CNCs initially
adhere to the cement particles and remain in the hydration product shell (i.e., the
high density CSH), they could form a path to transport water from the pore water
to the inner unhydrated cement core. This may facilitate a larger portion of
cement reacting with water compared with the cement pastes without CNCs. The
mechanism of water molecules diffusing along the CNC networks in the hydration
products shell is here referred as short-circuit diffusion (SCD).

Figure 4-10

shows a conceptual illustration of how SCD may help the cement particle with
CNCs adhered to a portion of its surface to achieve a higher DOH. Figure 4-10(a)
shows how the hydration process evolves, both inward and outward from the
initial interface between cement and water (drawn with the dashed line) for a
cement particle without CNC. Figure 4-10(b) shows the same process with
CNCs. For illustration and comparison purposes CNCs are placed only over a
selected region of the cement surface. SCD is shown with an arrow indicating the
extra hydration products growing inwards to the center of the cement particle. It
is therefore expected that the inward growth in places without CNCs will have a
slower rate than those in the CNC-rich regions. It is also likely that SCD may only
be triggered by a critical concentration of CNCs in the hydration product shell.

42

(a)

(b)

Fig. 4-10. A schematics illustration of the proposed hydration products forming
around the cement grain from the age of 0 to 48 hours in the (a) plain cement
and (b) cement with CNCs on a portion of the cement particle showing SCD
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4.4 Conclusions
This chapter examined the interaction between the CNCs and the cement. Based
on experimental observations, two mechanisms are proposed to explain the
increase on DOH: (1) Steric stabilization is responsible for dispersing the cement
particles. This mechanism is also exhibited by water reducing admixtures to
improve

workability.

This

dispersion

effect

is

verified

by

rheological

measurements for fresh CNC-cement pastes, in which a decreased yield stress
is observed with a low concentration of CNCs. (2) The CNC systems appear to
exhibit a benefit due to a mechanism that will be referred to as short-circuit
diffusion: Short circuit diffusion describes how the CNCs appear to provide a
channel for water transporting through the hydration products ring (i.e., high
density CSH) to the unhydrated cement particle and thereby improving hydration.
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CHAPTER 5. MECHANICAL PROPERTIES OF THE CEMENT PASTES WITH
CELLULOSE NANOCRYSTAL ADDITIONS

5.1 Introduction of the Ball-on-three-ball Flexural Test
The characterization of the flexural strength of the cement pastes was carried out
with a multi-axial ball-on-three-ball (B3B) flexural test. In this testing set-up, the
load is given by one ball pressuring downward at the center of the disc sample.
Three ball supports are located beneath the sample in the corners of an
equilateral triangle. Figure 5-1(a) shows a photo of one sample being tested with
this fixture. There are several advantages of the B3B flexural tests over other,
more traditional, flexural tests performed on beam specimens (Konsta-Gdoutos,
Metaxa et al. 2010). For instance, the B3B flexural test requires round-disk
samples, which can be easily obtained in large quantities from sectioning a
cylinder. The geometry and loading conditions generate a state of biaxial tensile
state in the center of the specimen, that makes it more sensitive to defects in all
the in-plane directions of the disk (deWith and Wagemans 1989). For example,
longitudinal cracks are not likely to be detected in three- or four-point bending
tests because of their orientation with respect to the tensional direction (Lee,
Park et al. 2002). Besides it does not require a flat surface of sample as there are
only three point contacts between the disc and the equipment. The B3B tests
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have been used for ceramics mechanical properties (Börger, Supancic et al.
2002; Börger, Supancic et al. 2004; Danzer, Harrer et al. 2007). For cement and
concrete, there are similar mechanical tests named flexural toughness of fiber
reinforced concrete using centrally loaded round panel, which has been included
in ASTM standard C1550 - 12a (ASTM 2012). However, this test is a toughness
test rather than for strength. Besides, the panel used in this method is 75 mm in
thickness and 800 mm in diameter. So far, to author’s best knowledge, however,
all flexural strength tests done for cement composites are taken with axissymmetric methods, such as three point bending.

(a)

(b)
Fig. 5-1. (a) Image of the B3B fixture and a specimen. (b) Top view of the testing
set-up. The dotted circles represent the three support balls beneath the disc
sample
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The B3B flexural strength is obtained by Equation 5-1 derived by Börger et al.
(Börger, Supancic et al. 2002; Börger, Supancic et al. 2004):

𝐹𝐹

σ = 𝑓𝑓(𝛼𝛼, 𝛽𝛽, 𝜈𝜈) 𝑡𝑡 2

𝑓𝑓(𝛼𝛼, 𝛽𝛽, 𝜈𝜈) = 𝑐𝑐0 +
𝛼𝛼 =
𝛽𝛽 =

𝑡𝑡
𝑅𝑅

5-1
(𝑐𝑐1 + 𝑐𝑐2 𝛼𝛼 + 𝑐𝑐3 𝛼𝛼 2 + 𝑐𝑐4 𝛼𝛼 3 )(1 + 𝑐𝑐6 𝛽𝛽)
1 + 𝑐𝑐5 𝛼𝛼

𝑅𝑅𝑎𝑎
𝑅𝑅

c0 = -14.671
c1 = 17.988
c2 = 567.22
c3 = -80.945
c4 = 53.486
c5 = 36.01
c6 = 0.0709

where σ is the B3B flexural strength, α and β the geometry parameters, ν the
Poisson’s ratio, F the peak load, t the sample thickness (Börger, Supancic et al.
2002; Börger, Supancic et al. 2004). The Poisson’s ratio is estimated as 0.25 for
all the cement pastes in this work.

47
5.2 Experimental Procedures
The cement pastes with different concentrations of CNCs were prepared with the
procedures described in Section 3.2 and the mixtures proportions were listed in
Table 3-2. After the mixing was complete, the fresh cement pastes were cast in
plastic cylinders (5.1 cm in diameter and 10.2 cm in height) and sealed at 23 ± 1
°C for curing. At the age of 24 ± 1 hours, the cylinder samples were demolded
and cut with a water saw into disc specimens with thickness of about 0.7 cm. To
avoid end effects, the two end pieces were discarded. Any excess of moisture on
the surface was removed with a towel and the specimens were sealed in plastic
bags at 23 ± 1 °C until the age of testing.

5.3 Results and Discussion
The flexural strengths of the cement pastes with increasing CNC concentrations
were measured for 4 different ages 3, 7, 21 and 28 days with the ball-on-threeball tests (B3B) and the results are shown in Fig. 5-2. At the age of 3 days, the
strength increases with increasing concentration of CNCs, while for older ages,
the strength reaches a peak at around 0.2% of CNC and then decreases. This
may be caused by agglomeration of CNCs at higher concentrations that act as
stress concentrators (i.e., defects) in the cement. The agglomeration observed
from the rheological measurements is consistent with that proposed here.
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Fig. 5-2. The B3B flexural strengths of CNC-reinforced cement pastes at 4
different ages
As the steric stabilization is also likely to improve the mechanical performance of
cement composites, it is not unreasonable to compare the flexural strengths of
the cement pastes with CNC and WRA. The B3B flexural strengths for the
cement pastes with WRA were measured at the ages of 3 and 7 days and plotted
against the values obtained for CNCs in Fig. 5-3. It should be mentioned that the
comparison can only be done until 0.5 vol. % of CNC/WRA. This is due to the
strong segregation in the cement and water for higher concentrations of WRA.
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Fig. 5-3. The B3B flexural strengths of cement pastes with the WRA and CNC at
two different ages
From Fig. 5-3, it is observed that there is a slight strength increase with
increasing WRA concentration from 0% to 0.2 vol. %. This is because the CNCs
are more effective in improving the DOH than WRA, as shown in Fig. 4-9.

It is hypothesized that the main mechanism for strengthening can be directly
attributed to the increase in DOH for high concentrations of CNCs. This can be
analyzed by plotting the B3B flexural strengths against DOHs obtained from
isothermal calorimetry. Figure 5-4 shows the relationship between the B3B
flexural strengths at the ages of 3 and 7 days with the DOH data from isothermal
calorimetry (IC). The data in this plot is obtained from specimens with different
CNC content (as obtained directly from Fig. 5-2). As it can be observed, the B3B
flexural strength increases nearly linearly as a function of DOH. This increase in
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strength is initially linear with respect to DOH until a value of DOH 58%. The last
two points do not seem to follow this linear trend. However, those points
correspond to concentration of 1% and 1.5% of CNC for 7 days. As discussed
before, and observed in Fig. 5-2, specimens with such a high concentration of
CNCs begin to show signs of early failure, mainly caused by CNC agglomeration.

Fig. 5-4. The relationship between B3B flexural strengths and the DOHs. The
strength is increasing with DOH
5.4 Conclusions
This chapter introduced an original ball-on-three-ball flexural test for disc-shaped
cement paste specimens. It was found that the flexural strengths of cement
pastes with modest concentrations (0.2 vol. %) of CNC were about 20% to 30%
higher than the cement paste without CNCs. This increase can be attributed to
the increase in DOH of the cement pastes when CNCs are used. The two
mechanisms steric stabilization and short circuit diffusion were found to be
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responsible for the DOH improvement. A parallel study of isothermal calorimetry
and flexural strength test on cement pastes with water reducing agents indicates
that the mechanism short circuit diffusion is more dominant than steric
stabilization. The flexural strength increases with CNC concentration reaching a
peak at 0.2 vol. % of CNCs. At higher concentrations of CNC the strength
decreases. This can be explained by the agglomeration of CNCs that acts as
stress concentrator in the cement paste when a load is applied. This peak at 0.2
vol. % is also consistent with the rheological results that show that for higher
CNC loadings the yield stress increases significantly due to the agglomeration. It
can be expected that if the agglomeration issue is solved, the CNCs can improve
the strength even more, especially at the high concentration region (above
0.2%).
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CHAPTER 6. IMPROVING THE STRENGTH BY REDUCING THE CNC
AGGLOMERATES VIA SONICATION

6.1. Introduction
6.1.1 Percolation and Agglomeration
In the previous chapter, it was found that the flexural strength of cement paste
reaches a peak at ~0.2 vol. % CNC concentration and then decreases. This
decrease in strength is found to be caused by the CNC agglomeration, which is
supported with the zeta potential and rheological measurements. If the CNC
agglomeration can be minimized, it is expected that there can be further
improvements in strength of cement paste, especially when CNC concentrations
are greater than 0.2 vol. %.

As Fig. 6-1 shows, when a high concentration of CNCs are added into the matrix,
they tend to form agglomerates which are likely to act as the stress
concentrators. With a dispersion processing, they are uniformly distributed in the
matrix and the concentrators are removed. As such, there are two objectives for
this chapter: (1) To understand how the CNC agglomerates are formed in the
cement matrix and how they are related with the mechanical performance of
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cement pastes; (2) To uniformly disperse CNCs in order to further improve the
mechanical performance.

Fig. 6-1. A schematic of the CNC agglomerates and how they are removed with a
dispersion processing
In this chapter, the agglomeration of CNCs is studied with a fundamental analysis
by percolation theory, in which the percolation threshold is calculated or
measured for CNCs within different matrices. Percolation theory has been
developed by Broadbent and Hammersley (Broadbent and Hammersley 1957)
and has been applied in problems such as fiber-polymer nanocomposites (Kota,
Cipriano et al. 2007), resin with carbon black (Schueler, Petermann et al. 1997),
sol-gel materials (TARI and PEKCAN 2004) and cement based materials (Bentz
and Garboczi 1991; Scrivener and Nemati 1996; Xie, Gu et al. 1996). Despite its
very first definition originated from a mathematical concept based on probabilities
(Stauffer and Aharony 2003), percolation can be understood as the formation of
a three-dimensional continuous network of connecting fillers through the matrix
phase (Schueler, Petermann et al. 1997; Sandler, Kirk et al. 2003). The minimum
volume fraction or concentration of the fillers needed to reach percolation is
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referred as the percolation threshold or critical concentration (Garboczi, Snyder
et al. 1995; Schueler, Petermann et al. 1997; Stauffer and Aharony 2003). When
the percolation threshold is reached, some effective material properties are
subject to abrupt changes, such as thermal conductivity (Tian and Yang 2007),
storage modulus (Kota, Cipriano et al. 2007; Abbasi, Carreau et al. 2009) and
dielectric constant (Hsu, Holtje et al. 1988). Normally these changes are
associated with transitions, e.g., from insulator to conductor with respect to the
electrical conductivity (Kota, Cipriano et al. 2007; Lin, Wang et al. 2010). The role
of the filler agglomeration has been reported to be strongly related to the
percolation for different materials systems, such as carbon black-epoxy
(Schueler, Petermann et al. 1997), carbon nanotube-epoxy (Sandler, Kirk et al.
2003) and thin film metal/silicon (Sieradzki, Bailey et al. 2001). Sieradzki et al.
(Sieradzki, Bailey et al. 2001) found in the system of Ag/SiO2/Si(100) the
agglomeration produces the percolation. Schueler et al. (Schueler, Petermann et
al. 1996; Schueler, Petermann et al. 1997) explained the percolation-like
transition in electrical conductivity by the agglomeration of carbon black, that the
prevailing agglomerates within the polymer combine to a continuous network.
They also reported that in the carbon black-resin composites, the larger
individual agglomerates lead to lower percolation threshold, and percolation
cannot be reached without the formation of agglomerates. Alig et al. (Alig, Skipa
et al. 2008) observed the agglomeration proceeding with the TEM images and
they found that the insulator-conductor transition is a result of interconnected
carbon nanotube agglomerates. Pegel et al. (Pegel, Potschke et al. 2008)
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reported that the agglomeration enhanced the development of the percolated
network in the carbon nanotube-polycarbonate composites. Martin et al. (Martin,
Sandler et al. 2004) used high temperature to promote the formation of the
carbon nanotube agglomerates in order to reach a low percolation threshold. In
summary, percolation is directly related with agglomeration and the at the
percolation threshold, a significant amount of agglomerates start forming the
matrix. In this chapter, the rheological experiments are performed to study the
percolation threshold of CNCs within different matrices and the transition in the
rheological property is correlated with the flexural strength data of the hardened
cement pastes.

6.1.2 Dispersion of CNCs
As stated earlier, the dispersion of CNC agglomerates can potentially further
improve the mechanical properties by removing stress concentrators associated
with these agglomerates. There have been two common methods to disperse the
agglomerated CNCs at the micro- and nano-level: one is to use the mechanical
energy to separate them and the other one is to alter their surface energy
(Vaisman, Wagner et al. 2006). For the first mechanical approach, high shear
mixing and sonication (sonication in short) have been demonstrated to be
effective in breaking agglomerate (Lu, Lago et al. 1996; Vaisman, Wagner et al.
2006; van-den-Berg, Capadona et al. 2007; Konsta-Gdoutos, Metaxa et al.
2010). The second method of surface functionalization can also disperse the
agglomerations by improving the fibers chemical compatibility with the matrix
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(solvent). In this work, a tip-sonication is performed to disperse the CNCs in the
water. For some other nano-scale fiber materials, such as carbon nanotubes,
Vaisman et al. (Vaisman, Wagner et al. 2006) and Konsta-Gdoutos et al.
(Konsta-Gdoutos, Metaxa et al. 2010; Konsta-Gdoutos, Metaxa et al. 2010) have
demonstrated that water reducing agent (WRA) can help the dispersion with
sonication. In this work, one typical WRA is chosen to help the dispersion of
CNCs, which will be described in later sections.

6.2 Materials and Methods
Two different CNC materials are used in this work, both of which are
manufactured and provided by the USDA Forest Service-Forest Products
Laboratory, Madison, WI (FPL 2009). They are extracted via sulfuric acid
hydrolysis of Eucalyptus dry-lap cellulose fibers, resulting in a 0.81 wt. % CNC
surface-grafted sulfate content. The first CNC material is in a form of suspension
(5.38 wt. % CNCs in water), while the other one is in a freeze dried powders
form, Na form and 0.96 wt. % sulfur.

For all the cement pastes with different CNC materials (freeze dried or
suspension), the CNCs are always introduced into the mixing container after the
cement, and the last step is to add extra water to keep the water to cement ratio
at 0.35. The mixing procedures are described in Chapter 3. The mixtures
proportions are listed in Table 6-1. For the purposes of discussing critical CNC
concentration or percolation threshold, which is based on the geometry and
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distribution of the fillers, the concentrations of CNCs are converted to the volume
fractions, e.g., CNC/suspension vol. %. The 7 mixtures are classified with the
volume ratio between CNC and cement (the second last column), from 0% to
1.5%. The last column of Table 6-1 provides the volume fraction of the CNCs in
the water, which will be explained in the experimental design in Section 6.3.2.

Table 6-1. Experimental matrix for cement pastes with CNCs
Mixture ID
1 (ref)
2
3
4
5
6
wt (g)

vol.
(cm3)

7

cement

500

500

500

500

500

500

500

water

175

175

175

175

175

175

175

CNC

0.00

0.10

0.26

0.51

1.28

2.56

3.85

cement

160.3

160.3

160.3

160.3

160.3

160.3

160.3

water

175

175

175

175

175

175

175

0.00

0.06

0.16

0.32

0.80

1.60

2.40

0.00%

0.04%

0.10%

0.20%

0.50%

1.00%

1.50%

0.00%

0.04%

0.09%

0.18%

0.46%

0.91%

1.36%

CNC
CNC/cement
vol. %
CNC/suspension
vol. %

6.3 Experimental Procedures
6.3.1 Sonication
To disperse the CNCs in the aqueous suspension, the sonication was performed
with a Hielscher Sonic Processor UP200S with a half-inch tip. For all the
sonication work, the amplitude is 25% and the cycle is 0.5. During sonication, the
temperature of the suspension is likely to increase due to the highly concentrated
mechanical energy from the sonic wave. This temperature increase might cause
two effects: accelerated evaporation of the water and possible alteration of CNCs
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chemical structure. Based on the preliminary thermogravimetric analysis results
on dry CNCs, a continuous weight reduction happens when the temperature is
increased from about 23 °C. To avoid these two effects, a bath filled with ice
water mixture is used to keep the temperature of the CNC suspension low as
shown in Fig. 6-1(a). The container for the CNC suspension chosen is cylinder
shaped with a small diameter, which is intended for a uniform dispersion in the
radial direction. The container was also designed with a small mouth with a
diameter close to the diameter of the tip in order to reduce the water evaporation
during sonication. The dimensions for the container and the tip are shown in Fig.
6-1(b).

(a)

(b)

Fig. 6-2. (a) Schematics for the tip sonication; (b) the dimensions for the
container and the tip
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6.3.2 Rheological Experiments
Rheological

experiments

were

taken

to

quantify

the

dispersion

and

agglomeration of CNCs in deionized (DI) water and simulated pore solution. This
technique has been described in the previous chapter. To evaluate the influence
of ions on the rheological properties of CNCs in water, two charged systems a
Ca(NO3)2 solution and a simulated pore solution were investigated to compare
with DI water. The simulated pore solution was prepared based on the data of
cement paste pore solution at the age of 1 hour by Rajabipour et al. (Rajabipour,
Sant et al. 2008) as shown in Table 6-2. However the solution prepared
according to Table 6-2 has a higher pH than the fresh cement paste used in this
work, likely due to the differences in cement type, w/c ratio and other preparation
procedures. The solution was then diluted with DI water to reach a pH that is
close to the pH of the fresh cement paste used in this work, which was measured
as 12.71 as listed in Table 6-3. The CNC pore solution suspensions were
prepared with 7 different concentrations as shown in the last row in Table 6-1.
These suspensions then can be regarded as the mixtures of CNCs and pore
solution in the fresh cement pastes with cement taken out and the results can be
directly related and compared with the experimental results of the cement pastes.
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Table 6-2. Ions concentration in pore solution at 1 hour based on Rajabipour et
al. (Rajabipour, Sant et al. 2008)
ions
Conc. (mol/L) Charge (mol/L)
K+

0.43

Na+

0.1

Ca2+

0.02

OH-

0.17
2-

(SO4)

0.57

0.57

0.2

Table 6-3. The pH values for the fresh cement paste and the simulated pore
solutions before and after dilutions
pH
OH- (mol/L)
theoretical value measurement
Pore solution from Table 3

0.17

13.23

13.25

Diluted

0.043

12.63

12.70

Fresh cement paste

/

/

12.71

6.3.3 B3B Flexural Test
The B3B flexural tests were performed on the cement pastes with sonicated
CNCs at 4 different ages: 3, 7, 21 and 28 days. The testing procedures refer to
Section 5.1.1.
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6.4 Results and Discussion
6.4.1 Agglomeration of CNCs
The distribution of the CNCs in the cement matrix is crucial with respect to both
the micro-structural modification and the mechanical performance at the macrolevel. This section discusses the percolation threshold or critical concentration of
CNCs in an inert environment and the cement pore solution via a combined
theoretical and experimental approach and its relevance to the mechanical
performance of cement pastes.

6.4.1.1 Percolation Threshold in the Inert Environment
Garboczi et al. (Garboczi, Snyder et al. 1995) established a percolation theory
based only on the geometries of the inclusions in the matrix, regardless of their
physical and chemical properties. According to this model, the percolation
threshold (in volume fraction) is dependent only on the inclusion aspect ratio and
can be determined by the following Pade-type formula:

ℎ+𝑓𝑓𝑓𝑓+𝑔𝑔𝑥𝑥 3⁄2 +𝑐𝑐𝑥𝑥 2 +𝑑𝑑𝑥𝑥 3

𝑝𝑝𝑐𝑐 = �

h = 7.742
f = 14.61
g = 12.33
c = 1.763
d = 1.658

𝑠𝑠𝑠𝑠+𝑥𝑥 2

−1

�

(6-1)
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s = 9.875

in which x is the aspect ratio. This model can be employed to estimate the critical
concentration of the CNCs in an inert environment such deionized (DI) water
without influential factors such as electrostatic force. The aspect ratio of CNC can
vary within a wide range depending on the source materials and the processing
technique. Summarized by Goodsell et al. (Goodsell, Moon et al. 2014), the
aspect ratio of CNC extracted from wood and other plants is about 5~70. Araki et
al. (Araki, Wada et al. 1998) reported a value of 50 for the wood CNC. A TEM
image by Moon et al. (Moon, Martini et al. 2011) shows that a majority of CNCs
extracted from wood have lengths around 200 nm. With a consensus that the
width of CNC is 3~5 nm (Habibi, Lucia et al. 2010; Moon, Martini et al. 2011), the
aspect ratio was adopted as 50 for calculation in this work.

Rheological experiments were carried out to investigate the percolation threshold
of CNCs in DI water, cement pore solution and fresh cement pastes. Figure 2
shows the relationships between the shear stress and the shear strain rate for
CNC-DI water suspensions with concentrations ranging from 0 to 3.43 vol. %.
From the results, it can be observed that, the viscosity increases at all ranges of
the shear strain rate with increasing CNC concentrations. This is because at low
concentrations, the CNCs are mostly in the form of free particles in the water and
therefore have higher mobility. With increasing CNC concentrations there is an
increased interaction between CNCs forming agglomerates or network
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structures, which are to be broken or aligned during the rheological
measurements and results in higher shear stress.

Fig. 6-3. The relationship between the shear stress and rate of CNC aqueous
solutions at different concentrations
The shear stress/shear strain rate relationship of the CNC aqueous suspensions
shows a shear thinning behavior, especially for the higher CNC concentration
suspensions. The behavior is typically described in the Herschel–Bulkley model,
which gives the relationship between the shear stress and shear strain rate as:

𝜏𝜏 = 𝜏𝜏0 + 𝐾𝐾𝛾𝛾 𝑛𝑛

6-2

where τ is the shear stress, τ0 the yield stress, γ the shear strain rate, K the
consistency and n the flow index (Herschel and Bulkley 1926; Larson 1999). The
factor n is directly related with the shear thinning or thickening behavior which

64
happens for the non-Newtonian fluid: If n > 1, the fluid is shear thickening, while n
< 1 the fluid is shear thinning (Burgos, Alexandrou et al. 1999) and shear thinning
is also referred as the pseudoplastic behavior (Cross 1965). All the shear
stress/shear strain rate curves in Fig. 6-3 are fitted with the Herschel–Bulkley
equation and the factor n is plotted with the CNC concentrations as shown in Fig.
6-4. The first data point with 0% of CNC is pure water, which is a typical
Newtonian fluid and n is 1.

Fig. 6-4. The relationship between the parameter n and CNC concentration in DI
water
The relationship between n and CNC concentration shows such a trend that n is
kept at a plateau at n = 1 until about 1.35 vol. % and then drops with a linear-like
relationship. This seems to indicate that a threshold of around 1.35 vol. % exists
between the Newtonian and non-Newtonian (pseudoplastic) behavior. The origin
of shear thinning is commonly regarded as some kind of alignment or ordering of
the particles, such as the formation of lines of particle (sometimes referred as
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“strings”) parallel to the flow direction (Visscher and Heyes 1994; Phung, Brady
et al. 1996), the alignment in the flow direction (Forster, Konrad et al. 2005) and
the formation of particle layers (Stickel and Powell 2005; Wagner and J. F. Brady
2009; Brader 2010). This suggests that above 1.35 vol. % there is some degree
of alignment of CNCs and with increasing CNC concentration, the extent of this
alignment increases and thus the shear thinning becomes stronger (i.e. n
continues to decrease). For concentrations below 1.35 vol. %, shear thinning is
not evident and it indicates that the CNCs do not form a significant amount of
agglomerates, and thus and they are mostly in the form of mobile particles and
are easier to align. To conclude, n is strongly related with CNC concentration and
it might be an indicator of percolation. It is found that based on the rheological
measurements on the CNC-DI water suspensions, the percolation threshold is
around 1.35 vol. %. This value agrees very well with the theoretical value 1.38
vol. % calculated from the geometrical percolation theory (Equation 6-1).

6.4.1.2 Percolation Threshold in the Charged Environment
When CNC suspensions are mixed with cement, the rheology may be
significantly different from that of the CNC-DI water suspensions, because the
solvent is no longer pure water. In the fresh cement paste, ion species such as
K+, Na+, Ca2+, OH-, SO4- exist in the pore solution and they are likely to change
the surface charges on CNCs. This results in an influence on the potential barrier
induced by the repulsive Coulomb force between CNCs, and thus affects the
agglomeration of CNCs as well as the percolation threshold. Ca(NO3)2 is
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introduced into the CNC suspensions with increasing concentrations to
investigate how the ions affect the interactions between CNCs with the surface
charges. Two different CNC suspensions are prepared with the concentrations of
1.23 vol. % and 2.44 vol. %, among which, the former concentration is slightly
lower than the percolation threshold 1.35 vol. % while the latter is above that.
The reason to choose these two specific concentrations is to evaluate the ions
influence on the CNC suspensions rheological properties at both the percolated
and non-percolated states. The experimental design is shown in Table 6-4.

Table 6-4. Experimental design of surface charged CNC suspensions
Group 1
Group 2
CNC conc. = 1.23 vol. % CNC conc. = 2.44 vol. %
ID

1

2

3

4

5

Ca(NO3)2/water (wt) 0% 1% 2% 4% 8%

7

8

9

10

0%

2%

4%

8%

After adding Ca(NO3)2 into the CNC suspensions, all suspensions gelled
immediately and were no longer transparent as Fig. 6-5 shows, while the
references (#1 and #7) remain relatively transparent. Suspensions #8, #9 and
#10 seem extremely viscous as they tend to stick on the wall of the containers
after mixing.
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(a)

(b)

Fig. 6-5. Images of all CNC- Ca(NO3)2 suspension (a) Group 1 and (b) Group 2.
The number is the ID listed in Table 6-4
The rheological measurements taken for all the suspensions and the
relationships between the shear stress and shear strain rate are shown in Fig. 66. From the results it is observed that: (1) The yield stresses are increased with
the Ca(NO3)2 concentration for both groups (Fig. 6-6 (a) and (b)). For the pure
CNC suspensions, the yield stress is nearly 0, while with Ca(NO3)2, Group 1 (Fig.
6-6 (a)) gives a maximum yield stress of 4.5 Pa and Group 2 (Fig. 6-6 (b)) shows
a maximum of about 25 Pa. (2) The viscosities are also increased within all range
of shear strain rate; (3) From Fig. 6-6 (b) it is observed that when the three
mixtures with Ca(NO3)2 reach their shear stress peaks at about 25 1/s, the shear
stresses decrease above this value. This stress decrease indicates a significant
shear thinning and is not common for simple fluids. It might be because at high
shear strain rate, the parallel plate breaks the charge-induced CNC
agglomerates, and therefore the reduction in agglomerates results in a decrease
in shear stress. It has been established that the strong thinning could be caused
by the charged electrostatically stabilized particles, even at low volume fraction
(Larson 1999). When the stabilized particles are forced to flow, a yield stress is
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observed and it has to be overcome to let them transform into a layered structure
which is prone to continuous deformation. When the formation of layered
structure is completed the viscosity as well as the stress decreases dramatically.
This stress decrease is only observed in Fig. 6-6 (b), because the CNC
concentration for Group 2 is much higher than the percolation threshold, while for
Group 1 (Fig. 6-6 (a)) it is below the threshold. In summary, the added ions likely
alter the CNC surface charge and therefore change the rheological behavior, i.e.,
yield stress and viscosity, by making the CNCs adhere to each other and form
more and/or larger agglomerates.

(a)

(b)

Fig. 6-6. Shear stress/shear strain rate relationships of the CNC-Ca(NO3)2
aqueous suspensions with CNC concentration of (a) 1.23 vol. %; (b) 2.44 vol. %
The viscosities at 140 1/s and yield stresses of Group 1 (Fig. 6-6 (a)) and Group
2 (Fig. 6-6 (b)) are plotted in Fig. 6-7. By increasing the Ca(NO3)2 concentration,
both viscosity and yield stress are increasing. But obviously for Group 2 which is
above the percolation threshold, the increases are much greater than Group 1.

69

(a)

(b)

Fig. 6-7. (a) The viscosities at 140 1/s and (b) yield stress of Group 1 (CNC =
1.23 vol. %) and Group 2 (CNC = 2.44 vol. %)
As the charged system with Ca(NO3)2 shows significant difference in the
rheological properties compared to the pure CNC suspensions, the influence of
the multiple-ion species in the cement pore solution might be even more
complicated. The experimental design is described in Section 6.3.2 and the
relationships between the shear stress and shear strain rate of the 7 CNC-pore
solution suspensions are shown in Fig. 6-8. The viscosities at 140 1/s and the
yield stress are plotted with the CNC concentration for both the CNC-DI water
suspension and CNC-pore solution suspension (data from Fig. 6-3 and Fig. 6-8)
in Fig. 6-9. It can be clearly observed that with the same CNC concentrations in
the fluids, pore solution with the surface charges on CNCs has much higher
viscosities than the aqueous suspension. The yield stress for the CNC-pore
solution suspensions is increased from nearly 0 to about 18.5 Pa, while only an
insignificant increase is observed for the CNC-DI water suspensions.
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Fig. 6-8. Shear shear stress/shear strain rate relationships of the of pore solution
with CNCs

(a)

(b)

Fig. 6-9. (a) The viscosity at the strain rate of about 140 1/s and (b) the yield
stress for the DI water and the pore solution with CNCs
It is observed from Fig. 6-8 that the shear stress/shear strain rate curves of the
CNC-pore solution suspensions cannot be simply fitted with the Herschel-Bulkley
function as a decrease in shear stress is found at the low shear rates and a
minimum stress was achieved at the shear rate of about 20~25 1/s. This is quite
different from what was found for the solutions with only Ca(NO3)2 (Fig. 6-6),
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which demonstrates that the multi ion content is much different from the mono
cation case (i.e. Ca2+). Only the data above 25 1/s are fitted with the HerschelBulkley function and the flow index n is plotted with the CNC concentration in Fig.
6-10. The result shows that n is increased above 1 for the two concentrations of
0.04 vol. % and 0.09 vol. % and then return to about 1 at 0.18 vol. %. Beyond
0.18 vol. %, shear thinning happens for all the concentrations, which seems that
a threshold exists between 0.18 vol. % and 0.46 vol. % for the pseudoplastic
behavior.

Fig. 6-10. The relationship between the parameter n and CNC concentration in
pore solution
These differences between the charged and the DI water suspensions indicate
that the surface charges result in agglomeration that yields to an increase both
viscosity and yield stress of the mixture. From Table 6-1, the concentration 0.18
vol. % of CNC/suspension corresponds to the CNC/cement concentration of 0.2
vol. %, where the peak strengths were obtained for the CNC cement pastes.
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Above 0.2 vol. %, the strength decreases due to a considerable amount of CNCs
agglomerates. As a summary, the different critical concentrations for CNCs
agglomeration are listed in Table 6-5. It was found from the rheological
measurements that the percolation threshold is about 1.35 vol. % which agrees
very well with the theoretical value 1.38 vol. % calculated from the geometrical
percolation theory. Rheological studies of CNCs in Ca(NO3)2 and simulated pore
solutions show that surface charges severely induce the agglomeration of CNCs
and the percolation threshold is decreased, which is consistent with
concentration where the strength peaks are reached. Comparing the critical
concentrations, it is found that the surface charges from pore solution decreases
the percolation threshold from about 1.35 vol. % to around 0.18~0.46 vol. %,
above which concentration the agglomerates prevail.
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Table 6-5. Critical CNC concentrations obtained from different sources
The meaning
CNC/cement CNC/suspension
Matrix
Data source
of "critical"
(vol)
(vol)
Theoretical model
Inert

Charged

Percolation

1.38%

/

1.35%

/

0.18% ~ 0.46%

0.2% ~ 0.5%

0.18% ~ 0.46%

0.20%

0.18%

threshold

n of DI Water

Threshold for

suspension

shear thinning

n of Pore solution

Threshold for

suspension

shear thinning

Yield stress of

Agglomeration

fresh cement

starts

paste

/

dominating

Strength of
hardened cement

Peak strength

pastes

6.4.2 Dispersion of CNCs
The agglomeration of the fillers in cement composites is detrimental with respect
to the mechanical performance not only for the macro-level fibers (Xu, Zhou et al.
2014) but also for the nanoscaled fillers such as carbon nanotubes (Andrews,
Weisenberger et al. 2008) as they may act as the stress concentrators when a
load is applied. Sonication is utilized to disperse the CNC agglomerates to
remove the stress concentrators to improve the mechanical properties. The
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resulting suspensions after three different sonication durations: 0, 5 and 30
minutes show different degrees of transparency. From Fig. 6-11 it can be
observed that the transparency increases with longer sonication duration, which
indicates that the agglomerations are broken into the single separated CNCs.

Non-sonicated

5-min sonication

30-min sonication

Fig. 6-11. Transparency of the CNC suspension increases with longer sonication
To quantitatively evaluate the degree of dispersion with sonication, rheological
measurements are taken for 1.35 vol. % CNC suspensions with increasing
sonication durations: 0, 1, 5, 15 and 30 min and the results are shown in Fig. 612. The CNC materials used here are the freeze dried batch (as described in
Section 6.2), while the rheological results above this section are all from the
suspension CNC and the data should not be quantitatively compared between
different batches (freezed dried and suspension). From the results, there is a
clear trend that the overall shear stress is decreasing with increasing sonication
time, which is indicative of the dispersion of the CNCs agglomerates in the
suspension. This is because the separated CNCs are relatively free and mobile
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compared with the ones in agglomerates, which would exert larger resistive force
and also the deformation of the agglomerates also requires a higher shear
stress.

Fig. 6-12. The shear shear stress/shear strain rate relationships after sonication
with different durations
A polycarboxylate-based WRA (brand name ADVA 140) was added in the
suspensions to help facilitate the CNCs dispersion in the aqueous suspensions.
Based on the preliminary rheological tests on 6 different commercial WRAs,
ADVA 140 increases the viscosity of the CNC suspensions the least, while all the
others cause an evident gelling in the CNC suspensions. Three different
suspensions were prepared with different WRA/CNC weight ratios: 0.5, 1 and 3.
Figure 6-13 shows the transparencies after different sonication time. It is
noteworthy that with WRA, the suspension is less transparent than the pure CNC
suspension, which is because the WRA itself is less transparent than the CNCs
suspension. Another possible reason for the lower transparency is the interaction
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between WRA and the CNCs making CNCs gel to some extent. The rheological
behavior is evaluated for the pure CNC suspension and one with WRA
(WRA/CNC = 0.5). The shear stress/shear strain rate relationship is shown in
Fig. 6-14. The shear stress as well as the viscosity is increased after the WRA is
added, which means there are certain interactions between the WRA and CNC.
Fitting the curves with the Herschel-Bulkley equation (Equation 6-2) the flow
index n is calculated as 0.297 for pure CNC suspension and 0.077 for the one
with WRA. This means that there is a very strong shear thinning happening when
the WRA is added. This may be due to the interactions between CNC and WRA
and as a result the CNC particles are stabilized. It should be noted that the ADVA
140 was chosen among 6 different commercial WRAs because based on the
preliminary results, ADVA 140 is the most compatible one with the CNCs, while
the other 5 WRAs increase the viscosities of CNC suspensions much greater.
The cement pastes with the sonicated CNCs with different amount of WRA were
tested with a B3B flexural test to evaluate the dispersion effects of the WRA and
sonication and their effects on the flexural strength.
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Non-sonicated

5-min sonication

30-min sonication

(a)

Non-sonicated

5-min sonication 30-min sonication

(b)

Non-sonicated

5-min sonication

30-min sonication

(c)
Fig. 6-13. The CNC-WRA suspensions after different sonication times with
WRA/CNC ratio of (a) 0.5; (b) 1; (c) 3.
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Fig. 6-14. The shear stress/shear strain rate relationships of the CNC
suspensions with and without the WRA
6.4.3 Flexural Strength
Figure 14 shows the B3B flexural strengths of the cement pastes with the freeze
dried CNC powders at different ages. The freeze dried CNC materials show
similar strength improvement from the suspension CNC that the peak strength
(20~30% improvement) is reached at the concentration about 0.2 vol. % and then
drops above that. As a result it does not matter to use the aqueous suspension
or dried CNC powders for mixing with cement since the resulting strengths do not
make a significant difference. This is a huge benefit for the industrial large scale
productions, as the transportation and storage cost will be significantly lowered
dealing with the dry CNC powers than the aqueous form. Other than that, if the
freeze dried CNC materials can be densified without compromising the
performance of the cement composites, the cost can be further lowered, given
the successful example of the densified silica fume in the cement and concrete
industry.
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Fig. 6-15. B3B flexural strengths for the cement pastes with freeze dried CNC
Figure 6-16 shows the strength data with different sonication durations of 30
minutes and 2 hours. The cement pastes with sonicated CNCs show much
higher strengths (~50% improvement) than the ones with freeze dried CNCs for
all ages and concentrations. More important, with high concentration of CNC, i.e.,
1.0 vol. % and 1.5 vol. %, the strength keeps increasing rather than drops, which
is not same as what was seen for the freeze dried CNC cement pastes. This
means the CNC agglomerates are significantly reduced by sonication that they
are no longer in the cement paste acting as stress concentrators when a loading
is applied.
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(a)

(b)

Fig. 6-16. B3B flexural strengths for the cement pastes with CNC sonicated (a)
30 minutes (b) 2 hours
Figure 6-17 summarized the 28-day strength data of the cement pastes with
freeze dried and ultrasonciated CNCs. From this comparison it can be clearly
observed that after ultrasoncation, the strengths are improved significantly,
especially at the high concentration regions, from 0.5% to 1.5%.

Fig. 6-17. 28-day B3B flexural strengths for the cement pastes with different
CNCs
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Figure 6-18 provides the results of the mixtures with different amount of
CNC/WRA weight ratios. From the results, it can be concluded the WRA chosen
in this work did not show much promise in dispersing the CNCs as the strengths
results did not show greater improvements from those without WRA. At the
highest WRA dosage (WRA/CNC ratio of 3, as shown in Fig. 17 (c)), the
hydration process is significantly delayed that two cement pastes (CNC = 1 vol.
% and 1.5 vol. %) were not even hardened at the ages of 3 days and the flexural
strengths cannot be obtained for these two pastes. Also at the age of 7 days, the
1.5 vol. % cement paste shows an evident decrease in strength, as a result of the
delay in hydration.
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(a)

(b)

(c)
Fig. 6-18. B3B flexural strengths of the cement pastes with the sonicated CNCWRA suspensions with WRA/CNC ratio of (a) 0.5; (b) 1; (c) 3
The 28-day strengths of the cement pastes with sonicated CNC-WRA
suspension (WRA/CNC ratio of 3) and with sonicated CNC suspension without
WRA are compared in the Fig. 6-19. It can be observed that the use of WRA
does not help to improve the strength of cement paste, while it actually lowers
the strengths. This means this the WRA chosen in this work does not work as a
surfactant to disperse CNCs in cement pastes.
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Fig. 6-19. B3B flexural strengths of the cement pastes with the sonicated CNCWRA suspensions and CNC suspensions without WRA
Figure 6-20 shows the relationship between the B3B flexural strengths and the
DOH obtained from the isothermal calorimetry at the ages of 3 and 7 days. The
calculation for the DOH from IC refers to Chapter 3. Due to the effect of SCD,
more CNCs present in the cement pastes results in more extra hydration and
therefore a higher value of DOH. The overall trend in Fig. 6-20, as expected,
shows an increase in strength with higher DOH. Comparing the trends between
the raw and sonicated systems, however, the increase for the latter is much
higher than the former, especially for at the high concentration region (CNC
addition of 1% and 1.5%). The high concentration regions are highlighted with
the dashed circles in the plot, from which it is observed the strengths from the
sonicated system are much higher than the raw. This is because the
agglomerates are broken by the sonication, and hence at the high concentration

84
regions, the strengths are no longer compromised by the stress concentrators,
but determined solely by the DOH.

Fig. 6-20. The relationship between the B3B flexural strengths and the DOH of
the cement pastes with raw and sonicated CNCs at the age of 3 and 7 days
6.5 Conclusions
This chapter firstly focuses on relating the agglomeration of CNCs to the strength
results of the hardened cement pastes with CNCs additions. The second focus is
on reducing the agglomerates via sonication to further improve the mechanical
performance. For CNCs in DI water, a critical concentration 1.35 vol. % is found
with rheological measurements, which agrees very well with the theoretical value
1.38 vol. % calculated from the percolation model. When CNCs are in a
simulated cement pore solution, the critical concentration is lowered to around
0.18 vol. % due to the surface charges. Above this critical concentration the
agglomeration starts prevailing and it is found to be the directly related with the
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strength decrease of cement pastes with high concentrations of CNCs. After the
sonication processing, the dispersed CNCs improve the strength of the cement
pastes by up to 50%, which is much greater than the previously found
improvement of 20~30% with the raw CNCs and indicate the dispersion of CNCs
is key to improving the flexural strength of cement pastes with high concentration
of CNCs.
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CHAPTER 7. THE MICROSTRUCTURAL PROPERTIES OF THE CEMENT
PASTES WITH RAW AND SONICATED CELLULOSE NANOCRYSTALS

7.1. Introduction
This chapter is focused on the microstructural properties of the cement pastes
with raw and sonicated CNCs and correlating the dispersion of CNCs with the
mechanical properties at the micro-level and the flexural strength of the cement
paste at the macro-level.

7.1.1 Two Different CNCs in Fresh Cement Paste
The CNCs have been found to be able to increase the flexural strength of cement
composites via the improvement of DOH. The mechanism referred as short
circuit diffusion (SCD) was established to explain the improved DOH. The basic
prerequisite for SCD is the adherence of CNCs on the surface of cement
particles, acting as the pathway to transport water from pores to unhydrated
cement cores, due to CNCs’ hydrophilicity and hygroscopicity (Taib 1998).
However the CNC agglomerates act as the stress concentrators and the
strengths of cement pastes decrease above the concentration of 0.2 vol. %. This
issue was successfully addressed in the previous chapters with the method of
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sonication to disperse the CNCs in the aqueous suspension before mixing with
cement.

The concentration of the CNCs adhering on the cement particles is an important
factor as it directly influences the SCD. For simplicity the CNCs in the fresh
cement paste are categorized as two types: the “free” CNC in the water and the
“adsorbed” CNC on cement surface (abbreviated as fCNC and aCNC) as
illustrated in Fig. 7-1. In fact both of the two types of CNCs are in water, while the
significant difference is that the aCNCs are unmovable because they are bound
with the cement particles and the fCNCs can move in water just like in an
aqueous suspension. The classification and quantification of these two types of
CNCs are important for four reasons: (1) the SCD is mostly contributed by the
aCNCs; (2) as the mechanical properties (flexural strength) is compromised by
the CNC agglomeration, to disperse the aCNCs seems to be a straightforward
solution; (3) until now it is not clear what role the fCNCs play in the cement paste;
(4) While the CNCs can be classified with these two categories in the fresh
cement paste, it is not clear that with the CSH growth during hydration, how the
CNCs move in the cement paste, in other words, whether they can still be
distinctly classified as these two types in the hardened cement paste. In this
paper an experimental approach is established to measure the concentrations of
the two types of CNCs and relate them with the effect of SCD.
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Fig. 7-1. The schematic of the two different types of CNCs in the fresh cement
pastes
7.1.2 Nanoindentation
One link between the CNCs distribution in the cement paste and the mechanical
performance at the macro-level, e.g., the flexural strength, is the CNCs influence
in the micro-structural properties of cement pastes. The development of the
nanoindentation technique has made it possible to investigate the mechanical
properties of cement composites recently at the micro- and even nano-level. For
example, the nanoindentation has been successfully employed in the areas of
interfacial transition zone in concrete (Li, Xiao et al. 2012), micro-mechanisms of
creep in CSH phases (Acker 2001), statistical analysis of the nano-mechanical
properties governing the ultra-high performance concrete microstructure (Sorelli,
Constantinides et al. 2008). As CNCs have completely different materials
properties from cement, they might alter the microstructural properties of cement
paste, e.g. elastic modulus and hardness, and these changes might be more
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obvious with higher concentration of CNCs. For this reason, the micro-structural
properties measured with nanoindentation might be indicative of the CNCs
distribution in the cement pastes. As stated earlier, a significant amount of CNCs
are adhered on the cement particles, and hence a high concentration should be
found in the high density CSH region. In this chapter the nanoindentation is
performed at the three different phases in the hardened cement pastes: the
unhydrated cement particle, high density CSH and low density CSH to study how
the mechanical properties are influenced by CNCs. The mechanical properties of
interest in this paper are the reduced indentation modulus Er and hardness H. A
single load function was applied in this study with 4000 nN load-controlled mode.
The schematic of the load-indentation depth curve is shown in Fig. 2: loading
application with 5s, hold time 5s and unloading time 5s. In this given indentation
experiment, the peak load (Pmax), the contact depth at the peak load (h), and the
slope of the unloading curve (S=dP/dh) were obtained. The reduced indentation
modulus Er can be determined by (Oliver and Pharr 1992)

𝐸𝐸𝑟𝑟 =

𝑑𝑑𝑑𝑑 √𝜋𝜋
𝑑𝑑ℎ 2√𝐴𝐴

7-1

where A is the projected contact area, which need to be calculated from the
indenter geometer and contact depth (h) based on previous calibration on the
reference materials. dP/dh is the slope of unloading curve in the load-depth
curve. In this work nanoindentation is focused on microstructural mechanical
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properties of the cement pastes with raw and sonicated CNCs and how the
dispersion of CNCs makes a difference on the microstructures of cement paste.

Fig. 7-2. Schematic of the nanoindenation loading-holding-unloading cycle
7.1.3 Water Vapor Sorption
The water vapor sorption test has been successfully used to evaluate the pore
size distribution of cement pastes (Baroghel-Bouny 2007; Castro, Lura et al.
2010; de-la-Varga, Castro et al. 2010). The equilibrium relative humidity (RHeq) at
which the transition happens between condensation and evaporation of the liquid
inside a pore can be related with the pore radius and the liquid properties with
the well-known Kelvin Equation (Castro, Lura et al. 2010; Villani, Spragg et al.
2014):

ln �𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒 (𝑟𝑟)� =

𝑟𝑟𝑟𝑟𝑟𝑟
2𝛾𝛾𝑉𝑉𝑚𝑚

(7-2)
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where γ is the surface tension, Vm the molar volume of the fluid, R the universal
gas constant, r the radius of the pore, T the temperature. According to this
equation the higher RH is corresponding to the larger pore size, and vise versa.

7.2. Experimental Procedures
7.2.1 Centrifugation
In this section, a centrifugation method is established to quantify the
concentrations of the aCNC and fCNC. At the age of 15 min, about 250 g fresh
cement pastes are transferred into a Sorvall RC-3C Plus high capacity
centrifuge. The centrifugation was performed at 5000 rpm for 20 min and the
liquid on the top was collected. The collected liquid was then filtered three times
with filter paper to remove the cement particles until it is completely transparent
without any observable solid particles. Previous control tests on the CNC
aqueous suspensions showed that most of the CNCs (>99.5%) passed through
the filter paper, and therefore the change in the concentration due to the filtration
is not taken into account. The filtered liquid was then weighed and dried in an
oven at 50 °C for 48 hours. For the plain cement paste, the final products after
oven-dry are the salts and alkalis in the pore solution (Rajabipour, Sant et al.
2008), while for the cement paste with CNCs, the solids also contain the fCNCs.
By comparing the solids concentrations obtained from the two different cement
pastes, the concentrations for the fCNCs as well as the aCNCs can be
calculated.
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(a)

(b)

Fig. 7-3. The fresh cement pastes with CNCs (a) before and (b) after the
centrifugation
7.2.2 Nanoindentation
Three different cement pastes samples were prepared for the nanoindentation:
plain (reference), with 1.5% raw and sonicated CNCs, all of which were sealed at
23 °C after cast. At the age of 28 days they were cut with a low-speed oil saw to
expose a fresh surface. A lapping procedure at 45, 30, 15 μm with paraffin oil for
12 min each and a polishing procedure using 9, 6, 3, 1, 0.25 μm diamond paste
for 20 min each on top of Texmet paper were conducted on the sample surface.
The nanoindentation is performed on the three different phases: the unhydrated
cement particles, the high density CSH and the low density CSH with a TI 950
TriboIndenter (Hysitron) from Hysitron Corporation. Figure 7-4 shows a scanning
probe microscopic image obtained with the indenter at the scanning mode on a
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50μm × 50μm sample surface: (a) is the topographic image and (b) the gradient
image. The relatively flat particle in the middle of the figures is the unhydrated
cement particle and the uneven area surrounding the particle is the hydration
product. The dots with numbers show the indentation locations picked. In this
case, indentations 1~9 are for the interfacial region, 10~15 are for the unhydrated
cement particle and 16~18 are for the matrix (low density CSH). The distance
between any nearest nanoindentations are maintained to be greater than ~10
μm. For all the indentations, the load cycles are the same, as shown in Fig. 7-2,
the maximum load is 4000 μN, the holding time between loading and unloading is
5 sec.

(a)

(b)

Fig. 7-4. The locations picked for the nanoindentation on the (a) topographic
image; (b) gradient image on a 50μm×50μm area
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7.2.3 SEM and EDX
The EDX technique has been widely employed for the elemental analysis on the
chemical compositions of cement composites (Diamond 1972; McWhinney,
Cocke et al. 1990; Famy, Brough et al. 2003). The SEM and EDX were
performed with a FEI Quanta 3D FEG equipment to study the microstrucutres of
cement pastes and investigate the CNCs distribution. Three specimens were
studied: the plain cement paste (reference), the one with 1.5% raw CNCs and
one with 1.5% sonicated CNCs. Ideally the element carbon should help to locate
the CNCs in the cement pastes since cement does not contain carbon while
CNCs do. However, based on the preliminary EDX results, carbon was detected
all over the surface on the specimen of the cement paste, which was likely due to
the carbonation (Pihlajavaara and Pihlman 1974; Sarott, Bradbury et al. 1992),
even when all the specimens were carefully stored in a desiccator. For this
reason this work focuses on the oxygen spectroscopy and studies how the
oxygen concentration fluctuates at different phases in the cement paste. As the
experimental conditions for the EDX signal acquisition might be different between
different specimens, the signal intensities cannot be directly compared with each
other, and therefore a normalization was performed for the oxygen spectroscopy
with the signals collected from the unhydrated cement cores as a base. Since the
CNCs cannot penetrate those cores, the chemical compositions as well as the
oxygen concentration should be the same for the cement pastes with or without
CNCs. With a normalization based on the oxygen concentration within the cores,
the signals can be compared between the EDX results for different specimens
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without taking into account of the experimental conditions. The normalization of
the signal counts was done with following procedures: The oxygen signals
collected within the unhydrated cement cores were picked and the average count
(intensity) in this region was calculated as Nave, and then all oxygen signals in the
same mapping were divided by Nave.

7.2.4 Water Desorption
The water desorption with a decreasing RH for the water saturated hardened
cement paste was measured with a Q5000 SA absorption/desorption equipment
from TA instruments. Three different specimens were measured: plain cement
paste, one with 1.5 vol. % raw CNCs and one with 1.5 vol. % sonicated CNCs.
The cement pastes were demolded at the age of 28 days and a 1-mm thick
specimen was obtained with a low-speed oil saw. The specimens were vacuum
saturated by placing them in a desiccator and evacuating the air for 8 hours, and
then back-filled with vacuumed water for another 3 hours. The surface moistures
of the fully saturated specimens was wiped with a Kimwipes delicate task wiper
mildly and quickly (within ~3 seconds) and then immediately transferred to the
equipment to avoid the evaporation of the water from pores. The initial RH in the
chamber was 97.5%, and then the RH was decreased with 10% steps, and a
final step of 17.5% to reach 0%.
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7.2.5 Isothermal Calorimetry
The isothermal calorimetry tests were performed on the cement pastes with
different concentrations of raw CNCs, sonicated CNCs and WRA. This work
studies the interaction between and CNCs and cement and how the hydration
process is influenced by the interaction. The experimental procedures of
isothermal calorimetry refer to Section 3.3.1.

7.3 Results and Discussions
7.3.1 The Concentrations of aCNCs and fCNCs
In this work the amount of aCNCs and fCNCs adhered on the cement particles is
quantified by the centrifugation method with the procedures described in Section
1.3. In total there were three different concentrations studied: 0.5%, 1.0% and
1.5% with and without sonication (Mixtures #5, 6 and 7 in Table 6-1). Figure 7-5
(a) shows the mass of the aCNCs per gram of cement and (b) gives the aCNC
percentages out of all CNCs, i.e., aCNCs/(f + aCNCs) %. The results in Fig. 7-5
(a) indicate that, with increasing the CNC concentration (from 0.5% to 1.5%) the
aCNC per gram of cement increases almost linearly. This means that the CNCs
keep adsorbing on the cement surface. It is surprising that after sonication the
amount of aCNCs is only slightly decreased, which suggests that, sonication
does not convert the aCNCs to fCNCs, but only change the their distribution on
cement surface, given the reduction in agglomerates. Figure 7-5 (b) shows that
the percentage of the aCNCs out of all is decreased from 96.5% to 95% for the
raw CNCs, and 94.6% to 94.2% for the sonicated ones. In conclusion, most of
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the CNCs (94.2% to 96.5%) are adsorbed on the cement surface, regardless of
the total amount of CNCs added in the cement paste. This result indicates that
the cement particles keep adsorbing CNCs when more CNCs are added in the
cement paste without reaching any maximum limit.

(a)

(b)

Fig. 7-5. (a) The mass of the aCNCs per gram of cement and (b) the aCNC
percentages out of all CNCs
A simple calculation is given here to estimate the maximum surface area of
cement particles that can be covered by CNCs with an assumption that all the
CNCs are lying on the surface and there is no overlapping between each other.
Given that the cross-section of the CNC is 4 × 4 nm2 square, the maximum area
covered with CNCs for every kg cement for the cement pastes at the 3
concentrations 0.5%, 1.0% and 1.5% are listed in Table 7-1.

98
Table 7-1. Maximum area that can be covered with CNCs for the 7 mixtures
Mixture (CNC/cement vol.)

0.5% 1.0% 1.5%

Max. surface covered by CNCs (m2/kg) 400

800

1200

As the Blaine fineness of the cement used in this work is 316 m2/kg, CNCs can
cover all the surface area of cement for the three concentrations in this ideal
situation. However, this calculation does not account for the fCNCs, and more
important, the overlapping of the aCNCs on the cement surface, which is highly
possible given the serious agglomeration of CNCs in the fresh cement paste. For
these reasons, the actual area covered by CNCs should be smaller than the
values calculated in Table 7-1, and is also smaller than the total surface area of
cement, given that the adsorption keeps happening without reaching any limit
(Fig. 7-5 (a)).

In summary, it can be concluded that most of CNCs are adsorbed on the cement
surface in the fresh cement pastes. However, this does not necessarily indicate
that the aCNCs still stay around the cement particles during hydration when the
CSH is growing. The CNCs distribution in the hardened cement pastes may be
very different from the fresh state, and this matter will be discussed in Section
7.3.3.
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7.3.2 Nanoindentation
Nanoindentation was performed to study the CNCs distribution in the cement
pastes at the age of 28 days and their influence on the microstructural
mechanical properties. Three different specimens were inspected: the plain
cement paste, one with 1.5% raw CNCs and one with 1.5% sonicated CNCs. The
locations picked up for the nanoindenation were from three different phases: the
low density CSH (matrix phase), the unhydrated cement particle and the high
density CSH (the interfacial region between the particles and matrix). As stated
the earlier, the interfacial region is likely to contain the highest concentration of
CNCs, and therefore is the phase of most interest. The reduced modulus is
plotted with the contact depth as shown in Fig. 7-6, among which, (a) gives the
reduced moduli for all the three different phases while (b) shows the data
obtained from the low density CSH and the unhydrated cement and (c) shows
the results on the interfacial regions. In the plots the data on the interfacial
regions are designated as the solid symbols and the data from the other two
phases (unhydrated cement and matrix) are open symbols. From Fig. 7-6 (b), it
can be observed that for the three different specimens, the reduced modulus is
more or less overlapping at the cement particle and matrix phase, while for the
interface, the reference sample has generally lower modulus than the other two
specimens, as shown in Fig. 7-6 (c). The data are fit with an exponential decay
and the two specimens with CNCs show trendlines which are higher than the
reference.
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(a)

(b)

(c)
Fig. 7-6. The relationship between the reduced modulus and contact depth (a) at
all three different phases; (b) at the unhydrated cement and low density CSH; (c)
at the interfacial regions
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The data of reduced modulus and the hardness for the interfacial regions are
grouped based on the contact depth with a bin size of 50 nm to obtain average
values. For example, the reduced moduli within the contact depth between 100 ~
150 nm are grouped to calculate the average reduced modulus, which represents
the contact depth ranging from 100 ~ 150 nm. The average values of reduced
moduli and hardness are shown in Fig. 7-7. Figure 7-7 (a) shows that with CNC
additions, the reduced modulus is increased significantly compared with the plain
cement paste (reference), especially below the contact depth of 300. The reason
for the improvements may be the high elastic modulus of CNCs, which ranges
from 110 to 220 GPa (Moon, Martini et al. 2011; Dri, Jr. et al. 2013) which is
significantly higher than that of the interfacial region with the value about 40~110
GPa. If it is assumed that the mechanical properties of the “composites”
constituted by the high density CSH and the CNCs follow a mixtures law, the
modulus can be significantly improved by CNCs compared to the high density
CSH without CNCs. The other possible explanation for the higher modulus at the
interface is the interaction between the CNCs and the CSH makes the
microstructure denser. This hypothesis, however, needs more work to verify and
is beyond the scope of this paper. Figure 7-7 (b) shows that with CNC additions,
the hardness are not changed much in the interfacial regions.
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(a)

(b)
Fig. 7-7. (a) The average reduce modulus and (b) the average hardness on the
interfacial regions
7.3.3 EDX
The EDX technique has been widely employed for the elemental analysis on the
chemical compositions of cement composites (Diamond 1972; McWhinney,
Cocke et al. 1990; Famy, Brough et al. 2003). In this work the EDX was
performed to investigate the CNCs distribution in the hardened cement pastes. In
order to compare the data between the two samples, a normalization was done
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for the signal counts according to the procedures described in Section 7.2.3. The
results for the oxygen mapping of the three specimens are shown in Fig. 7-8 on
top of the original SEM images and the mappings without SEM images are
provided in Fig. 7-9. In the mapping, the signals with intensity below 2.6 are
truncated and only the signals above that are shown (higher intensity means
higher oxygen concentration). From Fig. 7-8 and 7-9 it can be observed that only
very few oxygen signals are inside the unhydrated cement cores compared with
the matrix phase. This difference is due to the oxygen from the chemically bound
water in the hydration products. With the signal truncation, the signals inside the
unhydrated cement cores can be removed. By comparing the mappings between
the reference and the two specimens with CNCs, it is found that the oxygen
concentration is much higher in the matrix phase, especially along the interface
between the cores and the matrix, which indicates where the CNCs are located.
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(a)

(b)

(c)
Fig. 7-8. Oxygen mapping with SEM images of (a) plain cement paste; (b) with
1.5% raw CNCs and (c) with 1.5% sonicated CNCs
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(a)

(b)

(c)
Fig. 7-9. Oxygen mapping of (a) plain cement paste; (b) with 1.5% raw CNCs and
(c) with 1.5% sonicated CNCs
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Based on the visualization, however, it is difficult to make a quantitative
comparison between the specimens with raw and sonicated CNCs. The oxygen
spectroscopy is provided along a scanning-line cross one or more cement
particles to make a comparison between the three specimens as shown in Fig. 710. For the reference, the spectroscopy is relatively stable that most of the peaks
are below the intensity of 3, while the two specimens with CNCs, there are a few
high peaks which are highlighted with dashed lines denoting their corresponding
locations on the cement paste. It is noteworthy that the locations of the peaks are
quite different for the specimens with raw and sonicated CNCs. For the one with
raw CNCs, most of the peaks are found at the interfacial regions between
cement particles and the matrix, while for the one with sonicated CNCs, the
peaks are randomly distributed along the scanning line. This result indicates that,
without sonication, a high concentration of CNCs are prone to stay at the
interfacial region, while after sonication they are more randomly dispersed into
the matrix phase.
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(a)

(b)

(c)
Fig. 7-10. Line-scanning spectroscopy of oxygen of (a) plain cement paste; (b)
with 1.5% raw CNCs and (c) with 1.5% sonicated CNCs
In Section 7.3.1, it is found that in the fresh cement paste, most of the CNCs are
adsorbed on the cement surface with or without sonication. However the CNCs
cannot be distinctly classified as aCNCs or fCNCs in the hardened cement paste,
as the CNCs are located everywhere in the matrix phase, both high and low
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density CSH. This fact means that, with the CSH growth, some of CNCs are
embedded in the high density CSH while some others are pushed away from the
cement particles into the low density region.

7.3.4 Isothermal calorimetry
The cumulative heat of the cement pastes with raw and sonicated CNCs for the
first 200 hours were measured with IC and the results are shown in Fig. 7-11.
The general trends are quite similar between the two different systems. The
cumulative heats at the age of 168 hours are summarized in Fig. 7-12 and in
general the values are very close for the cement pastes with and without
sonication. The heat flow rate curves are also very similar between the cement
pastes with the two different CNCs as shown in Fig. 7-13. The age of the heat
flow peak is plotted with the the CNC concentration for the two different CNCs as
shown in Fig. 7-14 and the delay in hydration is found to be not influenced much
by sonication. As a summary, the cement pastes with raw and sonicated CNCs
do not show significant differences in not only the cumulative heats at the age of
7 days (168 hours), but also the hydration processes. This seems to indicate that
although the CNCs are more dispersed with sonication, the effect of SCD as a
whole is not affected significantly. This result is not unexpected since it was
found that after sonication the concentration of aCNCs is only slightly lowered.
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(a)

(b)

Fig. 7-11. Cumulative heat evolution during the first 200 hours of cemnet paste
with (a) raw and (b) sonicated CNCs

Fig. 7-12. Cumulative heats comparison between the cement pastes with raw
and sonicated CNCs at the age of 168 hours
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(a)

(b)

Fig. 7-13. Heat flow during the first 200 hours of cement paste with (a) raw and
(b) sonicated CNCs

Fig. 7-14. The ages of the peak flow of the cement pastes with raw and sonicated
CNCs
As the polycarboxylate-based WRA is similar to CNCs with respect to the
adsorption on the cement particles and both of them can sterically stabilize the
cement particles, a parallel hydration study was performed on the cement pastes
with varying dosages of a polycarboxylate-based WRA (ADVA 140). As
expected, with WRA, the dormant period is significantly extended as shown in
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Fig. 7-15 that the heat flow peak delay for the 1.5% WRA cement paste is about
15 hours, which is much longer than that of the 1.5% CNC cement paste (~ 4.5
hours). This is because the hydrophobic chains (Medeiros and Helene 2008) in
the WRA are blocking water from reaching cement, while the hydrophilic and
hygroscopic nature of CNCs (Taib 1998) leads to SCD, although they are
physically staying between the cement particles and water.

Fig. 7-15. Heat flow curves of cement pastes with WRA
7.3.5 Pore Size Distribution
The water desorption tests were performed to study the CNCs influence on the
pore size distribution of the cement pastes. Mindness et al. (Mindess, Young et
al. 2002) classified the different pores with respect to the pore radius: small
capillary pores (cap.) of 1.25 nm to 5 nm, medium cap. 5~25 nm, large cap. >25
nm and gel pores with the radius below 5 nm. In the work by Villani et al. (Villani,
Spragg et al. 2014), they provided a plot of the relationship between the pore
radius and the RHeq of water based on the Kelvin Equation. Figure 7-16
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summarizes the pore size ranges of different types of pores and the RHeq
corresponding to the boundaries between different pores.

Fig. 7-16. The size ranges of different pores and the RHeq corresponding to the
boundaries between different pores
The water content was plotted as the percentage of the dry cement paste and the
relationship between the water content and RHeq is shown in Fig. 7-17. As the
curves show, both the raw and sonicated CNCs change the water contents at
different RHeq. At the RH of 97.5%, which can be considered as the water
saturated situation, the two specimens with CNCs show a reduction in the water
content compared with the plain cement paste. This result is expectable as CNCs
can improve the DOH of cement paste, and a consequent result is the reduction
of the total porosity.
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Fig. 7-17. The relationship between the water content and the RH
The porosity differences between the two cement pastes with CNCs and the
reference are plotted versus the RH in both cumulative and differential values to
better interpret the CNCs influence in porosity, as shown in Fig. 7-18. The total
porosity reductions for the cement pastes with raw and sonicated CNCs are 1.2%
and 1.6% respectively. The difference of 0.4% is likely because the CNC
agglomerates result in relatively large amount of water around them, which may
not completely react with cement and the residue forms the capillary pores. Also
the agglomerates may lead to air entrapment which also increases porosity. At
the high RH region (above ~50%), the sonicated CNCs reduce the porosity more
than the raw ones because there are fewer CNC agglomerates and the
dispersed single CNCs cannot cause either high concentration of water around
them or air entrapment. However, at the low RH region (below ~50%), the raw
CNCs reduce the porosity more than the sonicated CNCs. Within this RH range,
the pores are classified as the gel pores (Fig. 7-16), which are included in the
space occupied by the hydration products (Mindess, Young et al. 2002). For this
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reason, the dispersed single CNCs may lead to a certain amount of discrete gel
pores around them. In summary, the agglomerates of CNCs may increase the
porosity at the large size range (medium and large capillary pores), while the
single separated CNCs lead to more gel pores around them. As a whole, the total
porosity is reduced because the DOH is improved for cement pastes when CNCs
are used.

(a)

(b)
Fig. 7-18. (a) The cumulative porosity change and (b) the differential porosity
change of the cement pastes with raw and sonicated CNCs compared with the
reference
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7.3.6 SEM
In Chapter 4, it was found that the cement paste with raw CNCs show the “ring”
features around the unhydrated cement particles which are believed to be the
CNC-rich regions. In this paper one interest is the relevance of the CNC-rich
region to the microstructural mechanical properties. From the SEM images
shown in Fig. 7-19, multiple cracks are observed for both the cement pastes with
and without CNCs. It can be observed that the cracks in Fig. 7-19 (b) pass
through two difference interfaces: one between the cement particle and the high
density CSH and the other between low and high density CSH, as circled in Fig.
7-19 (b). In Section 7.3.2, it is found that the CNCs can improve elastic modulus
of the interfacial region between and high and low CSH. But this does not
necessarily mean the strength at this region is improved as well, as the SEM
images here might indicate that the crack can randomly pass through different
interfaces regardless the CNC concentrations. This may indicate that, although
the CNCs improved the DOH and therefore reduced the porosity of cement
paste, the local microstructures of CSH are not necessarily strengthened with
CNCs.
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(a)

(b)
Fig. 7-19. SEM images show multiple cracks in the (a) plain cement paste and
(b) cement paste with 1.5% raw CNCs
7.4 Conclusions
This chapter studies how the sonication influences the CNCs distribution in both
fresh and hardened cement pastes and how it modifies the microstructures of the
cement pastes. The isothermal calorimetry results show that the sonication does
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not significantly change the hydration process or the DOH of cement pastes. Also
the concentration of the aCNCs on the cement surface is not influenced much
after sonication. This indicates that although CNC agglomerates are reduced via
sonication, most of them are still on the cement surface and the only difference
may be that they are more uniformly distributed. EDX results show that for
cement pastes with both raw and sonicated CNCs, the oxygen concentrations in
the matrix phase are much higher than the plain cement paste. For raw CNCs,
the oxygen is more concentrated along the interfacial regions between the
cement particles and the matrix phase, while with sonciation, more CNCs are
dispersed into the matrix phase. Nanoindentation results show that the reduced
modulus at the interfacial region is increased with CNCs and this may be
explained by the high modulus of the CNCs. The elastic modulus of the cement
paste with sonicated CNCs is improved even more than the raw CNCs, which is
related with the high porosity caused by the CNC agglomerates. This result is
consistent with the pore size distribution study that sonication helps reduce the
porosity at the large size range, i.e., the capillary pores.
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CHAPTER 8. CARBON NANOTUBE REINFORCED CEMENT COMPOSITES

8.1 Introduction
This chapter discusses the mechanical properties, i.e., B3B flexural strength and
compressive strength, and the electrical properties of the cement pastes with
processed CNTs.

8.1.1 Impedance Spectroscopy
With respect to the electrical properties, CNTs have a extremely wide range of
conductivities, that single-walled CNTs (SWCNTs or SWNTs) can be
semiconductor or metallic, while multi-walled CNTs (MWCNTs or MWNTs) can
reach an electrical conductivity of 106 S/cm (Ebbesen, Lezec et al. 1996). As
CNTs are added into the cement matrix, the electrical properties of the
composites are directly related with the CNTs volume fraction, orientation and
distribution. AC-Impedance spectroscopy (AC-IS or IS) has been a common
technique for decades to characterize electrical and electronic properties of
composites materials (Barsoukov and Macdonald 2005). Recenetly, this
technique has been used to investigate the interface between nonconductive
materials and conductive electrodes, the dynamics of the charges in the bulk or
interfacial regions of various types of solids and liquids.
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There are several different ways to perform IS tests, among which the most
common one is to measure impedance by applying voltage or current of a certain
frequency and measuring the phase shift and amplitude, or real and imaginary
parts, of the resulting current, in which way the impedance can be calculated.
With varying frequency in a large range, e. g., 10MHz to 0.1Hz, the impedances
at different frequencies are obtained. When a signal v(t)=Vsin(ωt) is applied to a
system, the resulting current i(t)=Isin(ωt+θ) is measured, where θ is the phase
shift between the voltage and current. Obviously θ is zero when the system is
purely resistive. With Fourier transformation, one can easily obtain the
impedance of this system by Z(jω)=F(v(t))/F(i(t)), in which F() denotes the Fourier
transformation and j is defined as √-1, which is in some literatures defined as i.
As a result, the impedance Z can be written as Z=Z’+jZ’’ (Barsoukov and
Macdonald 2005). Here Z’ and Z’’ are often referred to as Re(Z) and Im(Z), which
are the real part and imaginary part of impedance respectively in the complex
plane. When plotting Z’ to Z’’ in the complex plane, the resulting curve is the wellknown Nyquist Diagram. A typical example for the Nyquist Diagram is the system
containing a resistor and a capacitor which are in parallel as shown in Fig. 8-1(a).
Taking C0=1 μF, R0=10 kΩ, the resulting Nyquist Diagram is shown in Fig. 8-1(b).
Since the imaginary part of the impedance is directly dependent on the capacitor
effect, the rightmost lowest point, which is a pure real value in theory, stands for
the pure resistance of this system. This method is often used to obtain the
resistance in a variety of materials systems.
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(a)

(b)

Fig. 8-1. (a) A simple RC circuit; (b) The IS curve of the RC circuit with increasing
frequency from 0.1Hz to 10MHz (C0=1μF, R0=10kΩ)
A major benefit of using IS to measure the resistance is that it avoids the problem
of electrodes polarization that can be often found in DC measurements (Uhlig
and Revie 1985; Macdonald and William 1987). Some successful applications of
the IS technique include organic electronics (Garcia-Belmonte, Munar et al.
2008), electrochemistry (Jorcin, Orazem et al. 2006), ceramics composites
(Rangarajan, Bharadwaja et al. 2010), solar cells (Fabregat-Santiago, Bisquert et
al. 2005) and biosensing (Lisdat and Schafer 2008). In the area of cementitious
materials the IS technique has been performed to investigate microstructural
evolution during hydration (McCarter, Garvin et al. 1988; McCarter and
Brousseau 1990; Scuderi, Mason et al. 1991; Christensen, Mason et al. 1992;
Gu, Xie et al. 1992; Gu, Xu et al. 1993; Christensen, Coverdale et al. 1994;
Dotelli and Mari 2001). Because in cement pastes, the pore network is filled with
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ions like K+, Na+, OH- (Taylor 1997), and hence makes the cement-based system
conductive at the macro-level. With ageing, more and more fluids (pore solution)
in the matrix form hydration products which are non-conductive, leading to an
increase in resistivity. As a result the resistivity can be directly related with the
DOH.

In the area of reinforced cement composites, IS has been used to characterize
fillers volume fraction, orientation and dispersion (Torrents, Mason et al. 2000;
Gerhardt and Ruh 2001; Mason, Campo et al. 2002; Ozyurt, Woo et al. 2006). It
is reported that two bulk arcs instead of one can be observed in the Nyquist Plots
for cement composites with conductive fibers, such as steel and carbon fibers
(Ford, Shane et al. 1998; Campo, Woo et al. 2002; Wansom, Kidner et al. 2006).
Torrents et al. proposed a conceptual model as “frequency-switchable coating” to
explain this dual-arc behavior (Torrents, Mason et al. 2001). This model applies
when conductive fibers are added into a moderately non-conductive or
conductive matrix, and a resistive coating is formed surrounding the fibers. For
steel fibers, this coating could be a passive oxide film, while for carbon fibers it
may be an electrochemical or electrolyte layer. As Fig. 8-2 shows, at DC or low-f
AC frequencies, the conductive fiber is insulated by the thin nonconductive layer.
When the frequency is increased to a high value, displacement current shorts the
layer out, and hence the fibers behave as conductive in the matrix. Fig. 8-3
illustrates the equivalent circuit for this model. The upper series is the bulk
cement paste or the matrix, while the bottom series is for the fiber path, in which
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ob stands for the outer bulk, sp the spreading and coat the coating (Mason,
Campo et al. 2002). As a result, besides the rightmost lowest Im(Z) point which is
the RDC, a new resistivity which is located at the left of RDC is defined as Rcusp,
which is high-frequency resistivity of the composites which is related with the
fillers volume fraction, orientation and distribution.

Fig. 8-2. Current distribution at different frequencies with conductive fiber in a
relatively nonconductive matrix

Fig. 8-3. Equivalent circuit for the switching model
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Fig. 8-4. The impedance response of the switching model with the electrical
parameters chosen above
Table 8-1. The parameters for the electrical circuit in Fig. 8-4
Rbo (ohm) Cbo (F) Rsp (ohm) Csp (F) Rcoat (ohm) Ccoat (F) Rb (ohm)
9×10-6

12

12

9×10-6

39

2×10-4

75

Cb (F)
5×10-8

In Torrents et al. (Torrents, Mason et al. 2001), a parameter is developed as:

γ=

RDC − Rcusp
RDC

which is the ratio of the low frequency arc diameter to the whole DC resistance
and is related with the fibers influence on the resistivity of the composites.
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As certain types of CNTs are extremely conductive (for the CNTs used in this
work, their resistivity < 10-4 ohm*m. Data from product data sheet), they are likely
to make a difference on the electrical properties of composites significantly (Fu
and Chung 1998; Hixson, Woo et al. 2001; Torrents, Mason et al. 2001; Mason,
Campo et al. 2002; Wansom, Kidner et al. 2006). Compared with CNTs, cement
paste has a much higher bulk resistivity. For example, the resistivity of a paste
with water to cement ratio of 0.25 at the age of 7 days is about 28 ohm*m
(measured data). In Wansom et al.’s work (Wansom, Kidner et al. 2006), the
dual-arc behavior is found for CNT reinforced cement paste. However, this dualarc feature is not as clearly observable as for steel fiber reinforced cement
composites. In this work, the IS technique is employed as a nondestructive
method to characterize the CNTs and steel fibers volume fraction and distribution
in hardened cement pastes.

8.1.2 Dispersion of CNTs
Dealing with the fiber-reinforced cement composites, fiber dispersion has been
always a big issue (Mobasher, Stang et al. 1990; Bentur and Mindess 2007), as
in the agglomerated state, fibers are ineffective in reinforcing the cement
composites, or even detrimental, because the agglomerates behave as stress
concentrators when a load is applied, and therefore the composites material is
more prone to reach a failure. The high aspect ratio makes CNTs even more
difficult to be dispersed as the they tend to cling to each other (Chung 2005).
More important, CNTs are strongly attracted to each other by the Van der Waals
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force, which cannot be easily counterbalanced by enforcing mechanical
interference.

As introduced earlier, two common methods of dispersion methods have been
applied for fiber materials, classified as mechanical and chemical. In this work, a
combination of these two, i.e., sonication and surfact, is performed to disperse
the CNTs in aqueous suspensions. The model proposed by Strano et. al.
(Strano, Moore et al. 2003) can explain the mechanism for the dispersion. First,
the surfactant molecules wrap the surface of the fibers and isolate them, which
might be chemical with hydrophobic chains or physical with electrical repulsion.
Second, the mechanical force takes the wrapped nanotubes out of the big
agglomerates. Figure 8-5 shows a conceptual illustration of this theory that from
left to right, one single fiber is dispersed out of an agglomerate step by step.
Several studies have been performed to disperse CNTs for reinforcing the
cement composites (Li, Wang et al. 2003; Huang, Ahir et al. 2006). A review by
Vaisman et al. (Vaisman, Wagner et al. 2006) gives a summary of various
dispersion techniques and possible mechanisms that explain the dispersibility of
CNTs.
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Fig. 8-5. Dispersing mechanism of chemical surfactants with sonication. Figure is
from (Strano, Moore et al. 2003)
8.1.3 Silica Fume
Silica fume (SF) is a byproduct of metallic silicon and ferrosilicon alloys, which is
a very fine noncrystalline silica with a mean particle size ranged from 100 to 200
nm (CHUNG 2002). In this work, the undensified SF from Norchem Inc. is used
for preparing cement pastes with CNTs. Figure 8-6 shows an SEM image of the
SF used in this work, from which it can be observed that a few SF particles are
larger than 200 nm or smaller than 100 nm.
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Fig. 8-6. Undensified SF used in this work. The diameter is ranged from 100 nm
to 1 um
The benefits of using SF for cement composites can be categorized to two
aspects: physical and chemical. On one hand the small size of the SF particles
can physically increase particle packing density of the composites; on the other
hand, SF is a very effective pozzolanic material and it results in the following
chemical reaction:

pozzolan + CH + H = CSH

It was reported that SF can improve the strength of cement composites, such as
compressive strength (ALSAYED 1997; LACHEMI, LI et al. 1998; TAN and PU
1998), flexural strength (GAGNE, BOISVERT et al. 1996; SALAS, GUTIERREZ
et al. 1997; SARKAR, ADWAN et al. 1997) and tensile strength (TOUTANJI and
EL-KORCHI 1996; LI and PEI 1997). Some other properties such as elastic
modulus (Galeota and Giammatteo 1989), drying shrinkage (Bentur and

128
Goldman 1989), abrasion resistance (SHI and CHUNG 1997), bond strength to
steel rebar (Robins and Austin 1986), resistance to reinforcing steel corrosion
and sodium sulfate attack (Cohen and Bentur 1988) of cement composites are
also favorably influenced by the use of SF. Some major disadvantages of using
SF include the loss of workability (THOMAS, SHEHATA et al. 1999) and
compressive ductility (Xie, Elwi et al. 1995). Chung (CHUNG 2002) gave an
overall review on the use of SF in cement-based materials.

For the fiber reinforced cement composites, it was reported that SF is able to
improve interfacial bonding between fibers and cement matrix (YAN, SUN et al.
1999; CHUNG 2002). Some work suggested that SF has the ability to disperse
short carbon and steel microfibers in the cement composites, because the small
SF particles segregate the fibers from one to another during mixing (Chen and
Chung 1995; Chen, Fu et al. 1997; Pigeon and Cantin 1998; Park, Yoon et al.
1999). Another work by Sanchez and Ince (Sanchez and Ince 2009) claimed that
due to its small size, SF can help facilitate the dispersion of CNTs. However, they
did not find any strength improvement of the cement pastes when CNTs were
used. In this work, the SF is added into cement pastes with CNTs to find out
whether the SF particles are able to help disperse CNTs in the cement matrix.
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8.2 Materials and Methods
8.2.1 Materials
The CNTs used in this work are multi walled CNTs manufactured by Cheap
Tubes Inc. USA. Some physical properties of the MWCNTs are shown in Table
8-2 and the impurity reports are shown in Table 8-3.

Table 8-2. Physical properties of the CNTs
Outer Diameter
20-30 nm
Length

10-30 μm

Electrical Conductivity >100 S/cm
Bulk density

0.28 g/cm3

True density

~2.1 g/cm3

Surface area

>110 m2/g

Table 8-3. The impurities in the CNTs (Analysis Method: EDX)
Components Contents (%)
C

98.35

Cl

0.45

Fe

0.26

Ni

0.94
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The steel fibers are Dramix ZP 305 from Shanghai Bekaert Ergang Co Ltd.. They
have a length of 30 mm and diameter of 0.55 mm, with hooked ends. The
undensified SF used in this work is from Norchem Inc..

8.2.2 Cement Paste Preparation
In this work, silica fume-carbon nanotube (SF-CNT) cement pastes were
prepared to investigate how the two additives as a combination influence the
mechanical and electrical properties of cement paste. The vacuum mixer was
used to prepare the mixture and the cement is type V. Three different groups of
cement pastes were prepared, which have w/c ratios of 0.365 (Group a), 0.3
(Group b) and 0.25 (Group c). In each group the SF to cement weight ratio is 1/9
and the CNT volume fractions are varied from 0% to 1.49% of cement. Group a
and b do not have WRA, while Group c contains a WRA (ADVA 190) of 0.3 wt %
of the mass of cement and SF. The mixtures proportions for these three groups
are shown in Table 8-4.
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Table 8-4. Mixtures proportion for the 3 groups of SF-CNT pastes (NSF denotes
no silica fume)
ID
w/c Water (g) Cement (g) SF (g) CNT/c (vol)
a0 (ref) 0.365 273.75

750

75

0

a1

0.365 273.75

750

75

0.03%

a2

0.365 273.75

750

75

0.07%

a3

0.365 273.75

750

75

0.3%

a4

0.365 273.75

750

75

0.74%

a5

0.365 273.75

750

75

1.49%

a* (NSF) 0.332 273.75

825

0

0

#

w/c Water (g) Cement (g) SF (g) CNT/c (vol)

b0 (ref) 0.3

244.5

815

81.5

0

b1

0.3

244.5

815

81.5

0.03%

b2

0.3

244.5

815

81.5

0.07%

b3

0.3

244.5

815

81.5

0.3%

b4

0.3

244.5

815

81.5

0.74%

896.5

0

0

b* (NSF) 0.273 244.5
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(Table 8-4 continue)
#

w/c Water (g) Cement (g) SF (g) CNT/c (vol) WRA/(cement+SF)

c0 (ref) 0.25

207.5

830

83

0

0.3%

c1

0.25

207.5

830

83

0.03%

0.3%

c2

0.25

207.5

830

83

0.07%

0.3%

c3

0.25

207.5

830

83

0.3%

0.3%

c4

0.25

207.5

830

83

0.74%

0.3%

c* (NSF) 0.227 207.5

913

0

0

0.1%

All mixes were prepared using the vacuum mixer with the following procedures:
(1) All dry materials (cement, SF, CNT) are introduced into the mixer.
(2) The dry materials are mixed for 1 minute at a speed of 280 rpm.
(3) Water is added with WRA (if utilized) into the mixer and the materials are
mixed at 400 rpm for 90 seconds.
(4) The mixture on the bottom and wall in the mixer is scraped with a spoon in
less than 15 seconds.
(5) The materials were mixed for another 90 seconds at 400 rpm.
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8.3 Experimental Procedures
8.3.1 Sonication
As introduced earlier, a combination of sonication and surfactants was employed
to disperse CNTs in the aqueous suspensions with a bath sonicator VWR
B2500A-MT and a commercial WRA (brand name ADVA 190).

8.3.2 Impedance Spectroscopy
The container for IS measurements (Rajabipour 2006) consists of a 34 mm
diameter tube that is 52 mm tall. Two 2.4 mm diameter steel rods are inserted
into predrilled holes in the nonconductive plastic container to serve as electrodes
with a spacing of 20 mm between the rods, as shown in Fig. 8-7. After mixing,
the mixture was placed in the molds, external vibration was applied to
consolidate the mixture, and the lid was sealed using a non-conductive tape. For
each mixture two samples were prepared and tested.

Fig. 8-7. Electrical impedance spectroscopy mold used for resistivity
measurement (Note the non-conductive tape that was used to seal the top of the
mold is not shown)
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A Solartron SI 1260 Impedance/Gain-phase Analyzer was used for the electrical
impedance measurements. The electrical impedance was measured from the
sample cast continuously to obtain the resistance as a function of ageing time.
The measurements were taken over a range of the frequencies from 106 to 1 Hz
in the direction of decreasing frequency with a voltage of 500 mV. The imaginary
and real impedances of each sample were recorded. The electrical impedance
for each sample is plotted using the Nyquist plot and the resistance is determined
at the point that corresponds to the minimum imaginary impedance. The average
of the two specimens is used as the resistance of the mixture. The resistivity can
be calculated using following equation:

R

ρ=K

8-1

where R is the measure delectrical resistance (ohms) and K the geometry factor
(22.15 m-1) (Rajabipour 2006).

8.3.3 SEM
The SEM images were taken with a Hitachi S4800 FESEM equipment at the
secondary electron mode to study the dispersion effect of the CNTs at the microlevel. First the CNTs were mixed with water under different conditions, with or
without the processing of sonication or WRA. After mixing, a syringe was used to
transfer a small volume (one or two drops) of the suspension onto an aluminum
foil. When the aluminum foil was completely dried (the solution was naturally
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evaporated in shade, this normally took less than an hour), it was ready for the
SEM imaging. SEM was also used to study the microstructures of the hardened
cement composites and locate the CNTs in the sample.

8.3.4 Compressive Strength
Compressive strength was measured at the age of 1, 7, and 28 days using a
Forney FX700 compression machine following the procedures described in
ASTM C-39. The samples for compressive tests were cast with plastic cylinder
molds, with inner diameters of 5.1 cm and heights of 10.2 cm. External vibration
was performed to consolidate the samples after mixing. The samples were
maintained in the molds and kept sealed until age of testing. At the age of testing
the samples were demolded and the two ends of the cylinder were cut using a
diamond tipped water saw and then ground to expose smooth surfaces. During
testing, two Teflon sheets with thickness of 0.002" (0.05 mm) were placed
between the specimen and the platens to minimize friction. Two samples were
tested at each age and the average strength is reported.

8.4 Results and Discussions
8.4.1 Agglomeration and Dispersion of CNTs
8.4.1.1 Imaging of CNTs in DI Water
According to the geometrical percolation theory by Garboczi et.al. based on
overlapping ellipsoids of Pade-type approximant (Garboczi, Snyder et al. 1995),
the percolation threshold or critical volume fraction is dependent on the aspect
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ratio of the inclusions. For CNTs used in this work with an aspect ratio of about
400, the critical volume of CNTs for percolation is: Pc = 0.15%. This critical
volume fraction is the ratio for the VCNT/(VCNT + Vwater) in the fresh cement paste.
For the cement paste with w/c = 0.35, the critical volume fraction of VCNT/VCement
is 0.16%. This value is much lower than that of CNC, and therefore the CNTs are
more prone to be percolated in the matrix.

Figure 8-8 (a) shows the raw CNTs in water and (b) is the photo taken after 1hour sonication without WRA. From both of them, the CNTs seem not soluble in
water and are not uniformly distributed. Fig. 8-8 (c) and (d) show the photos of
the CNT aqueous suspensions with WRA additions after sonication of 25
minutes, the WRA to CNT weight ratios of which are 10 and 1 respectively. The
suspensions are in a completely different form than (a) and (b) that they show
equal darkness everywhere, and therefore the CNTs are distributed in the water
uniformly. Although the observation is only at the macro-level, the sonication with
WRA addition show some promises in dispersing the CNTs in water to some
extent.
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(a)

(b)

(c)

(d)

Fig. 8-8. CNT aqueous suspension (a) raw; (b) sonication 1hr, no WRA; (c)
sonication 25 mins, WRA/CNT=10; (d) sonication 25min, WRA/CNT=1
Figure 8-9 (a) and (b) show the two different suspensions, raw and sonicated for
25 min with WRA/CNT=1, kept stable for 14 days. Obviously the suspension
shows a segregation that the CNTs mostly sink down to the bottom, while the
other still show a uniform black color.
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(a)

(b)

Fig. 8-9. photos of the CNT aqueous suspensions after staying for 14 days (a)
sonication 1hr, no WRA; (b) sonication 25min, WRA/CNT=1
To investigate the dispersion effect at the micro-level, the SEM images were
taken for the CNTs under different conditions. Fig. 8-10 shows the raw CNTs at
different magnifications, from which, it can be observed that the CNTs appear as
agglomerates in nature. In Fig. 8-10 (c), although some separate CNTs are
located around the agglomerate, most of them are in the agglomerate.
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(a)

(b)

(c)
Fig. 8-10. SEM images of raw CNTs at different magnifications (a) 500; (b) 4.5k;
(c) 20k. Most of them appear as agglomerates.
Figure 8-11 (a) and (b) show the CNTs sonicated after 25 minutes and 3 hours.
From (a), it can be observed that a large amount of CNTs are dispersed into the
open space and are not agglomerated with each other. The dispersion effect is
even more evident after 3 hours of sonication as shown in (b), that the separated
CNTs are dispersed all over the space. In the image, four distinct agglomerates
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can be observed, among which, #1 and #2 are almost dispersed into separated
CNTs, while #3 and #4 still need more time or sonication energy to be dispersed.

(a)

(b)

Fig. 8-11. CNTs with WRA/CNT=1 after sonication of (a) 25 min; (b) 3 hours
In summary, it was found at both the macro- and the micro-level, that the
combination of sonication and WRA can effectively disperse CNTs in the
aqueous suspension, while sonication alone is not able to achieve a uniform
dispersion.

8.4.1.2 Impedance Spectroscopy
First, the IS technique was performed with the EIS molds introduced earlier, on
the suspensions of CNTs in DI water to study the composites conductivity when
the matrix phase is nonconductive. Mason et al. did a computer modeling
(Mason, Campo et al. 2002) of carbon fiber in tap water matrix to study the dualarc behavior, while the work here is based on experimental results. In total three
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suspensions were tested: pure DI water, DI water with 0.5 g CNTs and with 1 g
CNTs. The DI water to fill this EIS mold has a mass about 40g. It should be noted
that since CNTs are not soluble or dispersible (without any processing) in water,
a large part of them sink at the bottom of the container. As a result the
impedances measured are not for a uniform suspension, rather a combination of
two phases: one for the CNT-rich at the bottom and the second phase of the
water-rich above the sunken CNTs. The resulting impedance curves for the three
suspensions are shown in Fig. 8-12. From the results it is concluded that the DI
water can be regarded as nonconductive with a resisitivity of ~2400 ohm*m.
When 1 g of CNTs are added, the resistivity decreases significantly to ~21
ohm*m. There is a dual-arc feature formed when the DI water has 0.5g and 1g
CNTs inside (Fig. 8-12 (b) and (c)), which verifies that no matter the matrix is
liquid or solid, as long as it is nonconductive, the high-f resistivity caused by the
insulating layer on fiber surface exists. This also agrees with the switching model.
It is noteworthy that, as conclusion (1) states, the low-f resistivity drops a lot with
larger CNTs loading in the DI water, which is not consistent with the switching
model, that the low-f resistivity should not change much with conductive fibers.
There are two reasons for this result: (1) Although the as-received CNTs used in
this project are high purity (98.35%), there are elements like Fe and Cl inside.
Only a small amount of them can lead to a significant increase in the
conductivity. (2) As stated earlier that a large part of the CNTs sink at the bottom
the measuring container, which would result in a percolation of the CNTs with a
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higher loading. As a result, the resistivity drops dramatically with higher CNT
loading.

(a)

(b)

(c)
Fig. 8-12. Impedance curve of (a) DI water. ρ=2350 ohm*m; (b) DI water with
0.5g CNTs (c) DI water with 1g CNTs
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The IS technique was also performed on the hardened cement pastes to
characterize the fiber dispersion. The first fiber investigated is a macro-level steel
fiber, which has been introduced in a previous section. The samples tested were
cement pastes cylinders (2’’×4’’) with w/c ratio of 0.25. The mixing procedure
followed the ASTM 305C and the mixer used was Hobart N-50.

The impedance curves are shown in Fig. 8-13 and it is clearly observed that with
steel fibers, there are two arcs rather than one in the IS curve. With higher
volume fraction of steel fibers, the high-frequency (composites) resistivity is
lowered significantly, which means that more and longer fiber conductive paths in
the cement matrix that shortcut the electrical circuit.

Fig. 8-13. IS results of 3-day plain and steel fiber reinforced pastes with different
volume fractions
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The same groups of steel fiber reinforced pastes are made with fibers of half
lengths and the IS measurements were taken. The resulting high-f (composites)
resistivities are plotted in Fig. 8-14 with increasing the steel fiber volume
fractions. As Fig. 8-14 shows, at the same volume fraction, the resistivity of the
short fiber reinforced paste is always higher than the one of the long-fiber
reinforced. This is because the surrounding matrix which is bypassed is larger
with a longer fiber. In the work by Mason et.al. (Mason, Campo et al. 2002) this
theory is demonstrated with modeling as shown in Fig. 8-15.

Fig. 8-14. Composites resistivity of cement pastes with different fiber volume
fractions
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Fig. 8-15. The Nyquist Plots of single fiber in tap water. Modeling work by Mason
et at (Mason, Campo et al. 2002)
Since the fiber distribution in the composites may result in different electrical
propertiesn, the IS techique, as a nondestructive method, can be performed to
investigate the fiber dispersion issue. Ozyurt et al. (Ozyurt, Mason et al. 2007)
used IS to measure the resistance at different heights of a steel fiber reinforced
cylinder cement composites to characterize fiber dispersion or agglomeration.
Their method, however, is problematic. In their work, two cylinders were cast out
of the same batch of a mixture, one of which was for IS measurement, and the
other was cut into discs after initial set. The pieces cut were washed to obtain the
fibers, which were then weighed to obtain the mass. Finally the fibers volume
fraction of each disc was obtained and it was then related with the resistance
results from the other cylinder. However, even the two cylinders were from the
same batch, prepared with the same consolidation procedure, their fiber
segregation or dispersion, even volume fractions at different parts of the samples
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could be very different. For this reason it is problematic to compare the data from
the two separate cylinders.

A different method is used in this work, that the fibers are directly counted from
the two cross-section faces of the discs, which are converted into the local fiber
volume fraction. Then the fiber volume fraction results are compared with the ACIS data and the toughness data which are obtained with the B3B flexural test.
After the fiber counting, B3B tests were taken on the 7 middle discs to get energy
absorption of each slice. 2’’×4’’ (5 cm×10 cm) cement paste cylinders were
made, with steel fiber volume fraction of cement 0.78%, 1.56%, 3.12%, 4.68%, at
a w/c=0.25. The mixing procedure follows the ASTM 305C. The samples were
stored in sealed conditions at room temperature. At the age of 3 days, AC-IS
measurements were taken at 4 different heights from the bottom: 2 cm, 4 cm, 6
cm and 8 cm.

(a)

(b)

Fig. 8-16. (a) Configuration of resistance measurement of cylinder (b) The
cylinder was cut with equal distance spacing and the IS was taken at 4 heights
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After IS measurements, all cylinder samples were cut with a water saw into 9
pieces from the bottom. Because during each cutting, materials of thickness of
around 0.2 cm were lost, each of the disc specimen had a thickness of about
0.75~0.8 cm except for the top one. These discs were marked as “sample
bottom”, “sample 2” to “sample 8”. As a result, the measurements of IS were
consistent with the discs. For example, the resistance measured at the height of
2 cm is mostly determined by “sample 2” and “sample 3”, and hence this
resistance is compared with the average data (volume fraction of steel fibers and
the energy adsorption) of these two samples. After cutting, fibers of each disc
were counted on their two faces. Figure 8-17 shows the surface of a disk
specimen. By counting the steel fibers on the two faces of each disc, their local
volume fraction (the volume fraction of each disc) can be obtained.

Fig. 8-17. Image of the surface of a disc, from which the fibers can be easily
counted
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Figure 8-18 shows a typical load-central displacement curve of a disc (“sample 2”
of the cylinder with fiber volume fraction of 4.68%) with high volume fraction of
steel fibers. At about the central displacement of 1.2 mm, the first crack happens,
after which the curve is regarded as post-cracking behavior. For disc with this
high fiber volume fraction, it may take extremely long time to totally crack the
sample (to reach a load of 0). In ASTM standard C 1550-08, energy absorption is
defined as the area under the load-net deflection curve between 0 and a
specified central deflection. Some specific values given are 5, 10, 20, or 40 mm
for the 75 mm×800 mm panel. For discs tested in this work, this specified central
deflection is taken as 2.5 mm, as shown in Fig. 8-18.

Fig. 8-18. Load-displacement curve of “sample 2” of the cylinder with fiber
fraction 4.68%
From Fig. 8-19, it can be clearly observed that energy absorption is strongly
related with fiber volume fraction that the energy absorption is greater with higher
volume fraction. For each cylinder, there are four resistance data, for sample 2-3,
4-5, 6-7, 8. Each resistance measurement is related with the average of the
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volume fractions and toughness results of two disc samples that are closest to
the height where the IS measurement were taken. While Fig. 8-21 shows that the
resistance of each part can be related with the toughness. Especially for Fig. 821 (b), when the resistance increases to around 2700 ohm, the post crack energy
absorption is close to 0, which is like a “switch-off” effect - the material becomes
completely brittle and the fibers do not make a difference. The results show that,
IS as a nondestructive method, has the potential to characterize the fibers
dispersion or agglomeration, as well as the toughness at different locations of the
composites. In the next section, the IS measurement is applied to the CNT
reinforced cement pastes.

150

(a)

(b)
Fig. 8-19. Relationship between local fiber volume fraction and (a) post crack
energy absorption (b) total energy absorption

Fig. 8-20. Relationship between local fiber volume fraction and composites (high
frequency) resistance

151

Total energy absorption
(mJ/cm2)

2000
1600
1200
800
400
0
1000

1500

2000
2500
High f R (ohm)

3000

Post crack energy
absorption (mJ/cm2)

(a)
1800
1500
1200
900
600
300
0
1000

1500

2000

2500

3000

High f R (ohm)

(b)
Fig. 8-21. Relationship between composites resistance and (a) total energy
absorption (b) post crack energy absorption
The IS measurements were performed to study how the different sonication
durations affects the fiber dispersion in the matrix. 5 cement pastes were
prepared for IS measurements with CNTs after different sonication durations.
The w/c ratio is 0.25. The WRA is ADVA 190 with a concentration of 0.5 wt. % of
cement. As Fig. 8-22 shows, the impedance curves of the 5 mixes shift to left
(smaller resistivity) with longer dispersion time. The reason can be attributed to a
better dispersion of CNTs in the matrix. It has been explained in literatures (Cao
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and Chung ; Chung 2005) that with steel and carbon fibers (diameter lager than
10 μm), the resistivity of the cement composites decreases with a better
dispersion, which is because a longer conduction path is formed in the matrix, as
shown in the conceptual schematic in Fig. 8-23. Results here show that, the IS
technique, as a nondestructive method, is valid to characterize the dispersion for
CNTs in cement pastes, that with a longer sonication, the resistivity consistently
decreases. It is noteworthy that with 3-hour and 15-hour sonication, the
resistivities do not show a big difference as much as that between 1-hour and 3hour curves. This is likely to indicate that there is threshold-like dispersion
somewhere between 1 hour and 3 hours that makes a major de-agglomeration of
the CNTs, after which more sonication does not make a significant difference on
the degree of dispersion.
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Fig. 8-22. Impedance curves of cement pastes with different sonication time of
CNTs
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Dispersion

Fig. 8-23. A conceptual schematic showing how the dispersion of CNTs
increases the conductive path in the composites
The IS was also performed on the cement pastes at different w/c ratios of 0.365
and 0.25 with and without CNTs to study how the CNTs influence and impedance
curves at different w/c ratios. The results are shown in Fig. 8-24.

(a)

(b)

Fig. 8-24. IS curves of cement pastes with (a) w/c=0.365 and (b) w/c=0.25, the
dual-arc feature is clearly observed
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Comparing the impedance curves at the w/c ratio of 0.365 with 0.25, it is clearly
observed that with w/c = 0.25, the dual-arc behavior is more evident, i.e., the
high-f Z’ is much smaller than the low-f Z’, while for the 0.365 mix, the dual-arc is
not clearly visible. This is probably because with a larger w/c, there are more
pores in the matrix, which are so overwhelming that a majority of CNTs are in
contact with the pore solution, which is conductive. As stated earlier, when CNTs
are in a nonconductive matrix, the double-layer capacitance around the CNTs
would result in a dual-arc behavior of the impedance curve. Since CNTs, are in a
conductive phase, such as the pore solution, this dual-arc behavior would be
missing and the CNTs inside the fluids behave simply as conductors. It is likely
that with w/c ratio of 0.365, the overwhelming pores make a large part of the
CNTs incapable of contributing to the dual-arc behavior.

To support this hypothesis, the cement pastes with and without 1 vol. % steel
fibers were measured with IS and the results are shown in Fig. 8-25. From the
results it is observed that even at the water to cement ratio of 0.365, the high-f R
clearly differs from low-f one. The steel fibers used in this work have a length of
30 mm, diameter of 0.55 mm, which are much larger than the size of pores, and
hence it is impossible for the conductive fluids to cover the fibers. As a result, at
the w/c=0.365, the dual-arc is still clearly observed.
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Fig. 8-25. Cement pastes of 2’’×4’’ cylinder samples of w/c=0.365 with and
without steel fibers show completely different composites resistivities
To investigate the interaction of SF and CNTs in the cement matrix, samples with
different amount of SF replacement are made. Two groups with different amount
of WRA (0.3% and 0.5%) are prepared for comparison. The impedances are
tested at the age of 7 days. Figure 8-26 are the impedance curves of these two
groups. While with different amount of SF, the matrix resistivity has a very big
difference. To make a reasonable comparison with the arc shape, all curves are
normalized by the low-f resistivity and plotted in Fig. 8-27.
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Fig. 8-26. CNT-SF pastes with different SF replacement 7 day, CNT=1.49 vol. %,
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Fig. 8-27. Nomarlized curves. CNT-SF pastes with different SF replacement. 7
day, CNT=1.49 vol. %, w/c=0.25, (a) WRA=0.3%; (b) WRA=0.5%
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Comparing Fig. 8-27 (a) and (b) the amount of WRA apparently has a significant
effect on the impedance curve shape. With 0.5% of WRA, the dual-arc is
indistinct. As introduced earlier in the dispersion mechanism, during mixing, the
WRA is prone to coat CNTs on their surface. With this conductive coating, the
insulating layer is weakened and as a result, the dual-arc behavior is more
indistinct on the impedance curves.

8.4.2 Mechanical Properties
8.4.2.1 Flexural Strength of CNT-reinforced Cement Pastes
The cement pastes with w/c ratio of 0.35 were prepared with increasing CNTs
concentration, which were sonicated with WRA (0.15 wt. % of cement) in water
for 40 min before mixing. The B3B flexural tests were performed at the age of 7
days and the results are given in Fig. 8-28. The results show that with increasing
CNTs concentration, the flexural strength is constantly increasing. The strength
improvement with 0.6% CNTs is about 45% compared with the reference. It is
noteworthy that the reference has a much lower strength than the ones in
previous chapters. This should be because the differences in the sample
preparation procedures: (1) The disc samples tested here were cut right before
the B3B tests, while the ones in previous chapters were cut at the age of 24
hours; (2) The use of WRA; (3) A different saw.
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Fig. 8-28. 7-day B3B flexural strengths of cement pastes with different
concentrations of CNTs after 40-min sonication
8.4.2.2 Cement Pastes with Silica Fume
The compressive strengths of the SF-CNT cement pastes at three different ages
are shown in Fig. 8-29. When 10 wt. % of the cement is replaced SF, it is found
that the strength increases significantly for all three groups. With increasing CNT
concentrations, the compressive strength shows different trends for the three
different ages. For 7-day strength, all three groups reach their peak strengths at
medium CNT loading, which is from 0.03 vol. % to 0.3 vol. %, and then
decreases to a strength which is even smaller than the reference mixture (group
b and c). For the 28-day strength, the results are very different from the 7-day
data that the peak strength occurs at a high loading of CNT, i.e., 0.3 vol. % to
1.49 vol. %. Also the strengths do not decrease for Group a and b in general,
while only drop a little for Group c, at the high volume fraction of CNTs. For 1-day
strengths, however, no obvious improvements are observed for all three groups.
These differences in compressive strength observed between different ages can
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be ascribed to the water adsorption on the CNTs surface. As is well known that
CNT has a high surface area, which is more than 110 m2/g for the MWCNT used
in this work, the CNT agglomerates would adsorb certain amount of water on
their surface. This water would likely increase the not only the size but also the
amount of pores around the agglomerates. Since no specific dispersion
technique is used before mixing, e.g., sonication, there may be a certain amount
of CNT agglomerates in the cement pastes, leading to larger and more pores
around them. There pores act as stress concentrators during the compressive
strength tests. At early age, these stress concentrators would have more
significantly negative effect on the strengths because a large part of the water
adsorbed by the CNT agglomerations has not joined the hydration yet. While with
ageing, the local water reacts with cement continuously, and the compressive
strengths do not decrease significantly at later ages. However, these CNT
agglomerates themselves are the stress concentrators in the matrix and hence
the compressive strength does not benefit a lot with a high concentration of
CNTs. In conclusion, if not well dispersed, the CNTs in the cement composites
cannot effectively reinforce the matrix materials and at high concentration of
CNTs, the compressive strength may not increase.
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Fig. 8-29. Compressive strengths of the CNT reinforced cement pastes with SF
with the w/c of (a) 0.365; (b) 0.3; (c) 0.25
The B3B flexural strengths of Group a and c were measured at the age of 7 days
as shown in Fig. 8-30. There is a slight improvement of 10% in B3B flexural
strength with increasing CNT concentration for Group c but no obvious
improvement for Group a. The reason may be the use of WRA in Group c which
results in more uniformly dispersed CNTs and SF in the cement pastes.
However, the improvement is still not quite a significant amount compared with
the results of the cement pastes without SF in previous section (improvement of
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up to 45%). This might be due to that there is no dispersion processing for the
CNTs before mixing (sonication and WRA), so that a large amount of CNTs
remain in agglomerates. It is noteworthy that when SF is used, the B3B flexural
strengths are lower than the pure cement pastes, which is different from the
compressive strength results given above. This might be due to the nonuniformity of SF in the cement pastes, as the B3B flexural test is quite sensitive
to the strength concentration in the disc, and therefore the non-uniformity of
materials in the sample could induce a failure at a lower load.
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Fig. 8-30. The B3B flexural strengths of Group a and c
8.4.3 SEM of CNT-reinforced Cement Pastes
SEM was performed to study the microstructural properties of the CNT-reinforced
cement pastes. Figure 8-31 shows a crack in the cement paste sample of w/c
ratio of 0.365. Along this crack there are a lot of CNTs observed, most of them
are present as the dispersed state without agglomerating with each other. Some
CNTs are bridging the cracks, which are embedded in the C-S-H, while a large
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amount others have their one end hanging in the empty space and do not bridge
the crack. This is because either those CNTs are pulled out from the matrix or
they are broken into two fragments when the crack forms, that two ends are still
embedded in the matrix.

Fig. 8-31. The mix with w/c=0.365, CNT/cement=1%. CNTs bridging cracks are
observed
In the reference (Sanchez and Ince 2009), it is claimed that due to the small size
of SF particles (~100 nm or even smaller), they have the capability of dispersing
CNTs by entering the agglomerations and separating them during the
mechanical mixing. Figure 8-32 shows that lot of SF particles (white) are
adhering on the CNTs agglomerates. But there is no evidence found that SF can
help disperse CNTs.
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Fig. 8-32. The cement paste with w/c=0.25, CNT = 0.5 vol. %, WRA=0.3%. A
clump of CNTs with SF particles
8.5 Conclusions
As a nondestructive method, the IS technique is performed to investigate cement
pastes with steel fibers and CNTs. The impedance curves are split into two
halves with conductive fibers, which is a result of the insulating coating (doublelayer capacitance) on the fiber. It is found the composites resistivity is directly
related with the fiber volume fraction and the toughness of the cement pastes
with steel fibers. As a result IS can be potentially utilized to characterize the fiber
distribution and toughness for steel fiber-reinforced cement composites. From the
IS measurements, it is found that the conductive fibers in the cement matrix do
not necessarily lead to a dual-arc as the switching model shows. This happens at
a high w/c ratio or with high dosage of WRA when the fibers are in contact with
the conductive phases such as pore solution or WRA. This behavior is unique for
CNTs because of their small size, while macro-level fibers (such as steel) do not
apply.
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While CNTs are tangled as agglomerates in nature due to the high aspect ratio
and the Van der Waals force, a processing technique combining WRA and
sonication is performed to disperse them. Imaging at both macro- and micro-level
shows that this method is effective in dispersing CNTs. After dispersion, the B3B
flexural strength of the CNT-reinforced cement paste is improved by up to 45%
with only 0.6% of CNTs at the age of 7 days. This improvement is attributed to
the mechanism of fiber bridging, which is observed in SEM images. The SF
cement pastes show an improvement of about 15% ~ 35% in compressive
strength with different w/c ratios and at different ages 1, 7 and 28 days when
CNTs are used. This result is different from the work by Sanchez and Ince
(Sanchez and Ince 2009), which reported no improvement in compressive
strength when CNTs were added in the SF cement pastes. This may be due to
the differences in sample preparations and raw materials. It is noteworthy that,
no evidence in this work has been found to support the claim made by Sanchez
and Ince (Sanchez and Ince 2009) that the SF can help facilitate the dispersion
of CNTs.
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CHAPTER 9. SUMMARY AND CONCLUSIONS

Chapter 3 introduced two experimental methods to measure the DOH. From the
results, the DOHs of cement pastes are found to be increased significantly by
CNC concentrations and the improvement is up to 20% with 1.5 vol. % of CNCs.

Chapter 4 examined the interaction between the CNCs and cement. Two
mechanisms are proposed to explain the increase in DOH: (1) Steric stabilization
is responsible for dispersing the cement particles. This mechanism is also
exhibited by WRA to improve workability of cement mixtures. This dispersion
effect is verified by rheological measurements for fresh CNC-cement pastes, in
which a decreased yield stress is observed with a low concentration of CNCs. (2)
Short-circuit diffusion, which describes how the CNCs provide a channel for
water transporting through the high density CSH to the unhydrated cement core
and thereby improve hydration. It was found that short-circuit diffusion is the
dominant mechanism in improving DOH.

Chapter 5 introduced a ball-on-three-ball (B3B) flexural test and examined how
the CNCs improve the flexural strength of cement paste. It was observed that the
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flexural strengths of cement pastes with modest concentrations of CNC were
about 20% to 30% higher than the plain cement paste. The B3B flexural strength
reaches a peak at 0.2 vol. % of CNCs, while at higher concentrations the
strength decreases. This can be explained by the agglomeration of CNCs that
acts as stress concentrators in the cement paste. This peak at 0.2% is also
consistent with the rheological results which show that for higher CNC loadings
the yield stress increases significantly due to the agglomeration.

Chapter 6 focused on relating the agglomeration of CNCs with the strength
results of the cement pastes with CNCs and reducing the agglomerates via
sonication to further improve the strength. It is found that at the concentration of
about 1.35%, the CNC-DI water suspension undergoes a transition from
Newtonian fluid to Pseudoplastic fluid, which may be a threshold where the
agglomerates start prevailing. A percolation model is employed to calculate the
percolation threshold (critical concentration) of CNCs in the inert matrix and
result 1.38% seems consistent with rheological results. The rheological
measurements on the CNC-pore solution suspensions show that the critical
concentration is lowered to 0.18%~0.46%, which is due to the surface charges
on the CNCs. The fresh cement paste with CNCs is also found to show shear
thinning behavior at this concentration and this also corresponds to the CNC
concentration where the peak strength is found. The sonication is performed to
disperse the CNC aqueous suspensions and the transparency is found to
increase with longer sonication. Rheological measurement shows that the
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viscosity and shear stress decrease with longer sonication. The cement pastes
with sonicated CNCs show much higher strength improvement of up to 50%, due
to the reduction of the agglomerates.

Chapter 7 studies the microstructural properties of hardened cement pastes with
raw and sonicated CNCs. The CNCs in fresh cement pastes are categorized as
the adsorbed CNCs (aCNCs) on the cement surface and the free ones (fCNCs)
in the pore solutions. With a centrifugation expeirment it is found that over 94%
are aCNCs and sonication does not significantly change this concentration. As it
is found that the sonication can effectively remove the stress concentrators, it is
likely that the aCNCs are more uniformly distributed on the cement surface after
sonication. This result is consistent with the IC tests on the cement pastes that
the sonication does not change the hydration process or the cumulative hydration
significantly. This water desorption tests show that the total porosity is reduced
by about 1.2% with raw CNCs and 1.6% with sonicated ones. The
nanoindentation results of the hardened cement pastes show that at the high
density CSH, the reduced modulus is increased with CNCs. The improvements in
modulus may be due to high modulus of CNCs.

Chapter 8 investigated the CNT-reinforced cement pastes. The CNTs are
dispersed by sonication with a polycarboxylate-based WRA and the dispersibility
is validated with SEM imaging. The cement paste shows an improvement in
flexural strength of up to 45% with only 0.6% dispersed CNTs. This improvement
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can be attributed to the fiber bridging mechanism which is verified with the SEM
imaging. The compressive and flexural strengths for the silica fume-cement
pastes are found to increase with CNT concentrations. However, no evidence
shows that the silica fume can help the CNT dispersion which disagrees with
some published work. As a nondestructive method, impedance spectroscopy (IS)
is performed to study cement pastes with steel fibers and CNTs. The impedance
curve is split into two arcs with conductive fibers, which is a result of the
insulating coating on the fiber. Based on this dual-arc feature, IS can be used to
characterize the fiber distribution and toughness for steel fiber-reinforced cement
pastes. It is found that the CNTs in the cement paste do not necessarily lead to a
dual-arc, e.g., at a high w/c ratio and when WRA is used. This may be because
the CNTs are in contact with the conductive phase, i.e., pore solution and WRA.
This hypothesis is supported with the IS measurements on the steel fiber
reinforced cement pastes.
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